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Various ternary metal phosphides, arsenides, antimonides, silicides and germanides have been prepared at high
temperatures and high pressures. These ternary metal compounds can be classified into four groups: [1] metal-rich
compounds MM’4X, and [2] MM’X, [3] non-metal-rich compounds MXX’ and [4] MM/;X;, (M and M’ = metal
element; X and X’ = non-metal element). We have studied the electrical and magnetic properties of these materials
at low temperatures, and found many new superconductors with the superconducting transition temperature (7¢.) of above
10 K. The metal-rich compound ZrRu4P, with a tetragonal structure showed the superconducting transition at around 11
K, and had an upper critical field (H.,) of 12.2 tesla (T) at 0 K. Ternary equiatomic compounds ZrRuP and ZrRuSi
crystallize in two modifications, a hexagonal Fe,P-type structure [h-ZrRuP(Si)] and an orthorhombic Co,P-type struc-
ture [0-ZrRuP(Si)]. Both h-ZrRuP and h-ZrRuSi have rather high 7, values of above 12 K; on the contrary, 7. of o-
ZrRuP and o-ZrRuSi is about 4 K. The alloys ZrRu;_,Rh,P were prepared at high temperatures and at high pressures.
The superconductivity and the crystal structure of the alloys are very sensitive to the content of Rh atoms. The H,
values of h-ZrRuP, h-HfRuP, h-ZrRuSi and h-ZrRuAs are 14-16 T at 0 K. The coherence length of these compounds is
below 50 A. ZrRhSi with the Co,P-type structure and ZrRuGe with a TiFeSi-type structure showed the superconduc-
tivity at around 10.5 K. 7.’s of MoNiP with the Fe,P-type structure and MoRuP with the Co,P-type structure were over
15 K. Both compounds have the highest 7. among the metal phosphides. Non-metal-rich compound NbPS showed the
T, of 13 K and the high H, of 17 T. This H, value is the highest among the phosphide superconductors. The Debye
temperature and the density of states at the Fermi level for NbPS are 330 K and 0.51 states/eV-atom, respectively. Filled
skutterudites LnRuy X, (Ln = La and Pr, X = P, As and Sb) with a cubic structure show interesting superconductivity
behavior at low temperatures. LaRusAs); had the highest 7. of 10.3 K among the skutterudite compounds. PrRusAs,
with the magnetic element Pr transformed to a superconductor at around 2.4 K. Superconducting properties of various
ternary metal compounds prepared at high pressure are discussed.
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Ternary metal compounds are constructed by three elements
with a non-metal atom. These elements occupy a distinct set
of crystallographic lattice sites. Only part of the valence elec-
trons of the metal are involved in bonding with the non-metal
element and the excess valence electrons partially fill the con-
duction band formed by the overlap of s-, p- and d-orbitals of
the elements. Generally, ternary metal compounds exhibit
high electrical conductivity and metallic behavior. Since a
large number of ternary metal compounds have been discov-
ered, these compounds do seem to offer a better scope for the
realization of high superconducting transition temperatures
(T.) and high critical magnetic fields (H,).! However, the
electrical and magnetic properties of ternary metal compounds
have not been studied sufficiently yet.

A number of ternary metal compounds such as phosphide
and silicide show the characteristic structure with clusters con-
sisting of metal and non-metal atoms in the crystal. The super-
conducting ternary metal compounds mainly can be classified
into four main groups: metal-rich compounds [1] MM’ X, and

[2] MM’'X, non-metal rich compounds [3] MXX' and [4]
MM 4 X, (M and M’ = metal elements; X and X’ = non-metal
elements). The ratio of metal and non-metal elements and the
crystal structures of these materials are summarized in
Table 1. Cluster structures constructed by metal or non-metal
atoms exist in the crystal. We have prepared ternary metal
phosphides, arsenides, antimonides, silicides and germanides
at high temperatures and high pressures. Several ternary metal

Table 1. Ratio of Metal and Non-metal Elements and Crys-
tal Structure of Ternary Metal Compounds Prepared at
High Pressure

Compounds Metal:Non-metal Structure Peculiarity of structure

MM, X, 5:2 ZrFeySip-type  tetrahedral My clusters
MM'X 2:1 Fe,P-type
Co,P-type trianglar M3 clusters
TiFeSi-type
MXX' 1:2 NbPS-type M, and X, clusters
MM’ X, 5:12 LaFe,Pj,-type square X4 clusters
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compounds exhibit the superconductivity with rather high 7.
of above 10 K.2 Vandenberg and Matthias have suggested a
few guidelines for the prediction of superconductivity in bi-
nary and ternary metal compounds.> The 7, of a material is
found to be a sensitive function of the crystal symmetry, atom
clustering, lattice instabilities and number of valence electrons.
Clustering of metal or non-metal atoms is an important feature
of the high 7, superconductors.

Metal-rich compounds ZrMP, (M = transition metal) crys-
tallize with a tetragonal ZrFe,Si,-type structure, space group
P4, /mnm.* These phosphides have the characteristic structure
with tetrahedral My clusters in a marcasite-type host structure.
The My clusters with common edges develop as infinite linear
chains along the [100] direction. New compounds ZrRu4P,
and HfRu,P; have been prepared at around 850 °C and 4 GPa;
the superconducting transition of both compounds is observed
at around 10 K.

Ternary equiatomic compounds with the general formula
MM’X are known, where M is a large, electropositive transi-
tion metal from the left side of the periodic table, while M’ is a
small transition metal, and X is P, As, Si or Ge. For the
equiatomic compounds the ordered versions of Fe,P-, Co,P
(TiNiSi)- and TiFeSi-type with layer structures most frequent-
ly occur.® Equiatomic compounds show the interesting elec-
trical and magnetic properties at low temperatures. With the
presence of the 3d transition metals Cr, Mn, Fe, Co or Ni, most
of the compounds reported are ordered ferromagnetically.’

ZrRuP crystallizes in two modifications: a hexagonal Fe,P-
type structure (h-ZrRuP)® and an orthorhombic Co,P-type
structure (0-ZrRuP).? h-ZrRuP has the two-dimensional trian-
gular clusters of Ru atoms. The orthorhombic phase of ZrRuP
transforms to the hexagonal Fe,P-type structure at around
1100 °C and 3.5 GPa.!® Many MM'X compounds that include
4d transition metal behave as the superconductors with rather
high 7, of above 10 K 811-13

NbPS is a non-metal rich equiatomic compound. The crys-
tal structure of NbPS is orthorhombic with the space group
Immm.'* There are interesting structural features with Nb—Nb
and P-P dimers in continuous strings. The compound trans-
forms to a superconductor at around 12 K.'*!5 Keszler and
Hoffmann have performed tight binding band structure calcu-
lations for NbPS. !¢

Non-metal rich compounds with the general formula
LnM,X, (Ln = lanthanide; M = Fe, Ru and Os; X = pnico-
gen) crystallize in a skutterudite (CoAss-type) structure filled
by lanthanide atoms.!”~'® This structure is cubic, space group
Im3, Z = 2. Ln atoms locate at (000) and (1/2 1/2 1/2) of a
cubic structure like bcec. The transition metal atoms (T) are in
the center of a distorted octahedral environment of six pnico-
gen atoms. The skutterudite-type structure is characterized by
the formation of well-defined X,*~ groups. These filled skut-
terudites show the anomalous electrical and magnetic behavior
at low temperatures.”>?!  One of the most striking features of
these compounds is the occurrence of the superconductivity for
LaFe,P, with T, of 4.1 K22 We have found two interesting
new superconductor: LaRuyAs;> and PrRusAs .23 LaRuAs;,
has the highest 7. of 10.3 K among the skutterudite
compounds. PrRusAs; is an superconductor (7. = 2.4 K)
with a magnetic element Pr. On the other hand, PrRu4P;,
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shows the metal to insulator transition at around 60 K.**
The heavy-fermion superconductor PrOs,Sbj, was recently
found at around 1.85 K.2%26

We have prepared many ternary metal compounds at high
temperatures and at high pressures and found many new super-
conductors with a 7, value of above 10 K. In this report, the
interesting superconductivity of various ternary metal com-
pounds prepared at high pressure is discussed.

High-Pressure Synthesis. Using a wedge-type cubic-anvil
high pressure apparatus, ternary metal compounds were pre-
pared at high temperatures and high pressures.!' The upper
and lower stages of the high pressure apparatus consist of three
anvils that slide on the wedge formed in shallow V-shaved
grooves. The anvil movement is completely synchronized
by means of a wedge system. The anvils prepared from ce-
mented tungsten carbide have a 16 x 16 mm? top-square face.
The sample container made of pyrophyllite is formed into a
cube of 21 mm on an edge. Figure 1 shows the sample as-
sembly for the preparation of the ternary metal compounds.
This system is similar to that used for the high-pressure synthe-
sis of black phosphorus.?”-?® Starting materials are put into a
crucible made of BN. The crucible with a graphite heater is
then inserted into the pyrophyllite cube.

We prepared various ternary metal phosphides, arsenides,
antimonides, silicides and germanides at high temperatures
and high pressures. The ternary metal compounds were pre-
pared by reaction of stoichiometric amounts of each metal and
non-metal powder at around 4 GPa. The reaction temperatures
were between 800 and 1600 °C. Samples were characterized
by powder X-ray diffraction using Cu Ko radiation and silicon
as a standard.

Copper or gold lead wire was attached to polycrystals of the

A : Pyrophyvllite cube and disk

B : Current ring

C : Carbon furnace

D : BN crucible

E : Sample

: Ceramic tube and Thermocouple

1]

I

Fig. 1. Sample assembly for the high-pressure synthesis of
ternary metal compounds.
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samples with silver filled by epoxy, and four-lead electrical
resistivity measurements were performed at low temperatures.
The resistances of the samples were measured as a function at
applied magnetic field at constant low temperatures. The dc
magnetic susceptibility of the polycrystalline samples was
measured in the range of 1.8-300 K with a Quantum Design
SQUID magnetometer. Specific-heat measurements for the
samples were performed in the temperature range between 2
and 20 K.

Results and Discussion

We have prepared various ternary metal compounds with 7,
of above 10 K at high temperatures and high pressures. The
superconducting materials are classified into four groups: met-
al-rich compounds [1] MM’4;X; and [2] MM’X; non-metal-
rich compounds [3] MXX’ and [4] MM'4X;; M and M’ =
metal elements; X and X’ = non-metal elements). The crystal
data of the main superconducting materials are summarized in
Table 2.

[1] Metal-Rich Compounds MRu4P, (M = Zr and Hf).
Ternary metal phosphides ZrM4P, (M = Fe and Ni) crystallize
with a tetragonal ZrFe,Si,-type structure, space group
P4, /mnm.* Figure 2 shows the crystal structure of ZrNigP,.
The compounds have the characteristic structure with tetrahe-
dral My clusters in a marcasite-type host structure. The My
clusters with common edges develop as infinite linear chains
along the [001] direction. The magnetic properties of ZrNi4P,
show the temperature-independent susceptibility, which indi-
cates the Pauli paramagnetism of the conduction electrons.
Extended Hiickel molecular orbital and tight binding band
structure calculations have been carried out for ZrNiyP,.?

Figure 3 shows the resistivity vs temperature curves of
ZrRuyP, prepared at around 850 °C and 4 GPa. The structure
of this compound is similar to that of ZrNigP,.* The crystal
data of ZrRusP, are a=6.9923) A, ¢=3.6993) A,
V =180.8(2) A and Z = 2. The resistivity rapidly decreases
with decreasing temperature, and sharply drops at around 11
K.> Figure 4 shows the temperature dependence of dc mag-
netic susceptibility measured in an applied field of 5 Oe for the
polycrystalline sample of ZrRusP,. The existence of hyster-
esis between zero-field cooling (ZFC) and field cooling (FC)
indicates that the phosphide is a type II superconductor. When
the reaction temperature is over 950 °C, the resistivity does not
become zero at around the superconducting transition

Table 2. Crystal Data of Ternary Metal Compounds
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Fig. 2. Crystal structure of ZrNisP,.

temperature.>® This tendency becomes more remarkable for
the higher reaction temperatures. The electrical properties of
HfRuyP, are similar to those of ZrRuyP,. The superconduct-
ing transition of the Hf compound is observed at around
9.5 K3° ZrNiyP, does not show any superconductivity down
to 2 K.

The resistance of ZrRu4P; is measured as a function of the
applied magnetic field at constant temperatures between 0.6
and 8.4 K. The 7. decreases with increasing applied magnetic
field. The superconducting transition becomes broader at low-
er temperatures. Figure 5 shows the upper critical field (H.)
vs temperature curve for ZrRuyP,. The H,—T curve shown by
a dotted line is fitted by the pair breaking model.** The H.,

0.12

0.10

0.08
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Fig. 3. Resistivity vs temperature curve of ZrRusP, pre-
pared at around 850 °C and 4 GPa.

Lattice constants/A volume/one atom

Structure <
a b c A3

ZrRuy P, tetragonal ZrNiyP,-type 6.992 — 3.699 12.9
h-ZrRuP hexagonal Fe,P-type 6.459 — 3.778 15.2
0-ZrRuP orthorhombic Co,P-type 6.417 7.322 3.862 15.1
h-HfRuP hexagonal Fe,P-type 6.414 — 3.753 14.9
ZrRuAs hexagonal Fe,P-type 6.586 — 3.891 16.2
ZrRhSi orthorhombic Co,P-type 6.549 7.459 3918 16
h-ZrRuSi hexagonal Fe,P-type 6.6838 — 3.6717 15.8
ZrRuGe orthorhombic TiFeSi-type 7.479 11.675 6.772 16.4
NbPS orthorhombic NbPS-type 3.443 11.919 4.733 16.1
LaRu4Py, cubic LaFe4P,-type 8.0605 — — 154
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Fig. 4. Temperature dependence of dc magnetic suscep-
tibility measured in an applied field of 5 Oe for the poly-
crystalline sample of ZrRuyP,.
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Fig. 5. He vs temperature curve for ZrRuyP;; the dotted
curve is fitted to the pair breaking model®!; the open cir-
cles are T. values measured by us.

value obtained from this data is 12.2 T at 0 K. The coherence
length (&) of h-ZrRuyP, can be estimated from the formula

He = @o/21E>  (Dy = hc/2e) (1)

The coherence length of the compound is 52 A.

[2] MM'X Compounds with Fe,P-, Co,P- and TiFeSi-
Type Structures. 1. ZrRuP and HfRuP: Researchers
have prepared h- and o-ZrRuP at high temperatures and high
pressures.'! Temperature of preparation for o-ZrRuP is lower
than that of h-ZrRuP at high pressure. The density of ZrRuP is
8.172 g/cm? for the orthorhombic form and 8.148 g/cm? for
the hexagonal phase at room temperature under ambient
pressure. These results suggest that the hexagonal form is a
high temperature phase of ZrRuP. By use of synchrotron ra-
diation, we have studied in situ X-ray diffraction of o-ZrRuP at

® 7Zr # Ru o P

Fig. 6. Crystal structure of h-ZrRuP with a hexagonal
Fe,P-type form.

high temperatures and high pressures; this phosphide with the
orthorhombic structure transforms to the hexagonal form at
around 1100 °C under 3.5 GPa.'® The h-ZrRuP that is quench-
ed though the hexagonal form is the high-temperature phase.

Figure 6 shows the crystal structure of h-ZrRuP with the
hexagonal Fe,P-type form (C22, space group P-62m). Each
layer in the hexagonal lattice is occupied by either Zr and P
atoms or Ru and P atoms.® There are the Zr-Ru zig-zag chains
along the c-axis in h-ZrRuP. The two-dimensional triangular
clusters of Rus are formed, and these are linked with each
other through the Ru—P bonds in the basal plane. Two-dimen-
sional triangular clusters of Russ have a nearest-neighbor Ru—
Ru distance of 2.63 A, which is smaller than the average dis-
tance of 2.68 A in the Ru metal. The shortest Ru—P distance
(2.42 A) almost agrees with the sum of the atomic radius of Ru
(1.34 A) and the covalent radius of P (1.06 A). Figure 7 shows
the crystal structure of o-ZrRuP with the orthorhombic Co,P-
type form (C23, space group Pnam). The structure of o-ZrRuP
has layers that are filled with Zr, Ru and P atoms, and these
layers are all equivalent.” The shortest Ru—P distance (2.398
A) almost agrees with the sum of the atomic radius of Ru (1.34
A) and the covalent radius of P (1.06 A). There are no direct
Ru-Ru and Zr—Zr connections between the layers in the hex-
agonal structure, but there are isoatomic zig-zag chains of Zr
and Ru in the orthorhombic structure.

The stable oxidation states of Zr, Ru and P atoms are +4,
+3 and —3, respectively. Seo et al. suggest that the bonding of
ZrRuP can be described in terms of the oxidation states
Zr*T(RuP)*~; (RuP)*~ can be rewritten as (Ru®>")(P*") or
(Ru™)(P37).3? Especially, Ru in ZrRuP has some anomalous
valence states.
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Fig. 7. Crystal structure of o-ZrRuP with an orthorhombic Co,P-type form.
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Fig. 8. Electrical resistivity of h-ZrRuP at low temperatures.

Low frequency ac magnetic susceptibility of h-ZrRuP pre-
pared by an arc-melted method were measured at low tempera-
tures; the susceptibility rapidly decreases at around 13 K.
Figure 8 shows the temperature dependence of the electrical
resistivity of h-ZrRuP prepared at high pressure. The resistiv-
ity of this phosphide slightly decreases with decreasing tem-
perature, becoming zero at around 13 K. Figure 9 shows the
temperature dependence of dc susceptibility measured in an
applied magnetic field of 5 Oe for h-ZrRuP. The sample
cooled in zero field shows a magnetic shielding equal to ap-
proximately 100% of that expected for perfect diamagnetism.
The existence of hysteresis between zero-field cooling (ZFC)
and field cooling (FC) indicates that the phosphide is a type II

2 T T
h-ZrRuP <L
Or ® o e o 0 0 0 o 00 ® & O~
o
oL _

% (emu/mol)

w o o 0 o ©

-8 1 I
0 5 10 15

Temperature (K)

Fig. 9. Temperature dependence of dc susceptibility mea-
sured in an applied magnetic field of 5 Oe for h-ZrRuP.

superconductor. The magnetic susceptibility of the coexis-
tence phase of h- and o-ZrRuP prepared at high pressure has
been studied at low temperatures; magnetic anomalies are
found at around 4 and 11 K.'' These are due to the super-
conducting transition for h- and o-ZrRuP. The 7, values of h-
ZrRuP are much higher than that of o-ZrRuP.

According to the BCS theory,? the T, of materials is related
to the electronic density of states at the Fermi level [D(EF)]
and the electron-lattice interaction V as follows:

T. = 1.140 exp [—1/VD(EF)] 2)

where © is the Debye temperature. Specific heat measure-
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ments of h- and o-ZrRuP have already been carried out at low ture at constant magnetic fields between 0 and 14 T. The T.
temperatures; the electronic density of states (DOS) at the  value rapidly decreases with increasing the magnetic field.
Fermi energy [D(EF)] is relatively low at 0.76 states/eV-atom Figure 11 shows the H., vs temperature curve for h-ZrRuP.
and 0.72 states/eV-atom for h- and o-ZrRuP, respectively.’**> The temperature in which the resistance becomes zero is taken
Seo et al. have calculated the electronic band structures of h-  as 7.. The Hg,-temperature curve is fitted by the pair breaking
and o-ZrRuP with the extended Hiickel tight-binding method; model as shown by a dotted line.’! The H, value obtained
the D(EF) value at the Fermi level is 0.21 states/eV-atom for h- from this data is 16 T at 0 K. The coherence length of h-
ZrRuP and 0.29 states/eV-atom for o-ZrRuP.’?> These values ZrRuP is 45.4 A from Eq. 1. Electrical and magnetic proper-
are considerably smaller than those obtained by the specific ties of h-HfRuP have been studied at low temperatures.®!! He,
heat measurements of both phosphides. Recently, Hase has and & values of this phosphide are 14 T and 48.5 A, re-
calculated the band structure of h-ZrRuP by the full-potential spectively.?®
linearized augmented plane wave method within the local-den- 2. Alloys ZrRu;_,Rh,P (x = 0.01, 0.05, 0.1, 0.15, 0.20,
sity approximation.®® The calculated density of states at the 0.25, 0.3, 0.4 and 0.5): Ru atom has one less valence electron
Fermi level (0.71 states/eV-atom) in h-ZrRuP is very close to than does Rh atom. ZrRhP with the Co,P-type structure shows
the experimental result. the superconducting transition at around 1.5 K.° The cell
Stewart et al. have reported that the electron-phonon cou- volume/formula unit of ZrRhP agrees with that of o-ZrRuP
pling parameter obtained from the specific heat measurement  and is slightly smaller than that of h-ZrRuP. When the Ru
is 0.79 for h-ZrRuP** and 0.48 for o-ZrRuP.* The electron- atoms in h-ZrRuP are slightly displaced by the Rh atoms, the
phonon coupling of h-ZrRuP is larger than that of o-ZrRuP. crystal structure changes drastically and the 7. value of the
The resistivity of both phosphides was measured at low tem- superconductivity is sharply suppressed.*
peratures and at high pressures.”” T.’s of both compounds de- Figure 12 shows X-ray diffraction patterns of ZrRu,_,Rh,P
crease with increasing pressure at the rate of —53 mK/GPa for (x =0, 0.01, 0.05, and 0.15) prepared at around 1300 °C and 4
h-ZrRuP and —98 mK/GPa for o-ZrRuP. These mainly arise GPa. The diffraction profile of ZrRuP (x = 0) shows the hex-
from the change of the electron-phonon coupling parameter  agonal Fe,P-type structure at room temperature. The pattern
with pressure.37 Seo et al. have pointed out that the elec- of ZrRuggsRhg osP mainly indicates the orthorhombic Co,P-
tron-phonon coupling is important in making 7. higher for type structure, though there are several weak lines of the hex-
agonal phase. Below x = 0.15, the hexagonal and orthorhom-
bic phases coexist. The alloys of above x = 0.2 come very
applied magnetic field at constant temperature and as a func- close to the single phase of the Co,P-type structure. The
tion of temperature at the constant magnetic field.>®® Figure 10 structure of the alloys is very sensitive to the concentration
shows resistances of h-ZrRuP plotted as a function of tempera- of Rh atom. Figure 13 shows the phase diagram of the alloys
ZrRu,_,Rh,P prepared at high pressure. The stable region for
the hexagonal phase is very small. Thus, Rh atoms dominate

h-ZrRuP than for o-ZrRuP.??
Resistances of h-ZrRuP were measured as a function of the
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Fig. 10. Resistances of h-ZrRuP plotted as a function of Temperature (K)

temperature under the constant applied magnetic fields
Fig. 11. Hg, vs temperature curve for h-ZrRuP.

between 0 and 14 T.
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Fig. 14. Resistivity vs temperature curves for the alloys
ZrRu;_,Rh,P (x =0, 0.05, 0.15, 0.2 and 0.3) prepared at
around 1300 °C and 4 GPa.

15
- ZrRu l—thxP --a--hexagonal
t —e— orthorhombic
£
hoA
10 &,
g &
=" A
500 .
' 0 02 04 06 08 1
O | A} | n L |
0 0.2 0.4 0.6 0.8 1
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ZrRu;_,Rh,P.

the structure of the alloys.

Figure 14 shows resistivity vs temperature curves for the
alloys ZrRu;_,Rh,P (x =0, 0.05, 0.15, 0.2 and 0.3) prepared
at around 1300 °C and 4 GPa. The alloys indicate the super-
conductivity between 2 and 12 K. Two electrical anomalies
for x = 0.05, 0.1 and 0.15 are found in the resistivity-tempera-
ture curves. Both anomalies arise from the coexistence of the
hexagonal and orthorhombic phases in the alloy. The alloy
with x = 0.2 shows the superconductivity of the orthorhombic
form only. The T, values in the alloys above x = 0.3 become
lower than 2 K, and must be close to the 7. (1.5 K) of ZrRhP.
Figure 15 shows T, plotted as a function of x in the alloys.
T.’s of the hexagonal and orthorhombic phases of
ZrRu,_,Rh,P decrease rapidly with increasing x. Especially,
T, of the hexagonal phase of the alloys sharply decreases from
13 Katx =0to4.5 Katx = 0.15. The Rh atoms suppress the
T. value of the superconductivity in the alloys.
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The number of d electrons in a Rh atom is one more than
that in a Ru atom. Thus, it is expected that the Fermi level in
the alloys h-ZrRu;_,Rh,P will rise with increasing x. If the
band structure of h-ZrRuP is essentially not changed by the
substitution of Rh atoms, DOS calculated near the Fermi level
must increase with increasing x.>%¢ However, the experimen-
tal results show that the 7., value of the alloys rapidly decrease
with increasing x. The anomalous suppression of 7, for the
alloys cannot be explained by the change of D(Eg). As the
electron-phonon coupling parameter is large for h-ZrRuP, the
change of the electron-phonon coupling may play an important
role for T, of the superconductivity of the alloys. Further, h-
ZrRuP has a partially filled 1D band along the ¢ direction.3?3
The 1D chains along the c-axis in the alloys must be broken by
the substitution of Rh atoms. We suggest that the anomalous
suppression of T, for the alloys mainly arises from the break-
ing of the 1D chains.*

3. ZrRuAs: Magnetic susceptibility of ZrRuAs prepared
by the arc-melted method was already measured at low tem-
peratures; ac susceptibility decreases sharply at around 11.9
K% This arsenide has the hexagonal Fe,P-type structure.*’
We prepared h-ZrRuAs at around 1300 °C and 4 GPa.*!
Figure 16 shows electrical resistivity vs temperature curves
for h-ZrRuAs prepared at high pressure. The resistivity of this
arsenide decreases slowly with decreasing temperature, and
suddenly drops at around 11.5 K. This value almost agrees
with the result of ac magnetic susceptibility measurements.
The T, of h-ZrRuAs is highest among the metal arsenides.
Hase has calculated the band structure of h-ZrRuAs by the
full-potential linearized augmented plane wave method within
the local-density approximation.®® The band structure of h-
ZrRuAs is almost the same as that of isoelectronic h-ZrRuP.
The main part of the D(Er) comes from the Ru4d component.
The calculated density of states at the Fermi level for h-
ZrRuAs is larger than that of h-ZrRuP. This arises from the
difference of the Ru-Ru distance in the Rus cluster. The near-
est Ru-Ru distance is 2.63 A for h-ZrRuP® and 2.80 A for
ZrRuAs.*

The magnetic field dependence of the resistance of h-
ZrRuAs was measured at constant temperatures between 2
and 12 K.3® The T, decreases rapidly with increasing magnetic
field. The Hc, value obtained from the H,—T curve is 14.1 T
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Fig. 16. Electrical resistivity vs temperature curve for h-
ZrRuAs prepared at high pressure.
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at 0 K. The coherence length of h-ZrRuAs is 48.3 A.

4. ZrRuSi: X-ray diffraction pattern of ZrRuSi prepared
at around 1400 °C and 4 GPa agrees with that of h-ZrRuSi
reported by Jonson and Jeitschko.*? On the other hand, the X-
ray diffraction profile of ZrRuSi prepared at around 950 °C and
4 GPa is similar to that of 0-ZrRuP.'* Thus, ZrRuSi also has
two modifications: the Fe,P- and Co,P-type structures. The h-
ZrRuSi is found to be isostructural to h-ZrRuP. The effect of
replacing the phosphorus atom by the more electronegative
silicon atom is an increase in the nearest-neighbor Ru—Ru dis-
tance to 2.87 A.*> The superconducting transition of h-ZrRusSi
prepared at 1500 °C and 4 GPa was observed at around 12.2 K.
The o-ZrRuSi prepared at lower temperatures showed the su-
percoductivity at around 4 K.'> ZrRuSi has one fewer valence
electrons than does ZrRuP. The superconductivity observed in
h-ZrRuSi is very interesting as ZrRuSi and ZrRuP are not
isoelectronic compounds.

The shape of DOS near the Fermi energy for h-ZrRuSi is
similar to those of h-ZrRuP and h-ZrRuAs. Since the Si3s and
Si3p levels are higher than P3s and P3p respectively, these
states are more hybridized with Ru4d and Zr4d states. The
total D(Eg) of h-ZrRuSi is 0.48 states/eV-atom, which is about
a half of that of h-ZrRuP.3® However, this value is larger than
the result obtained by Seo et al.*

The magnetic field dependence of the resistance for h-ZrRu-
Si was measured at constant temperatures. Figure 17 shows
the resistances of h-ZrRuSi plotted as a function of the applied
magnetic field at constant temperatures between 2 and 12 K.
The T, decreases rapidly with increasing the applied magnetic
field. The Hg, value of h-ZrRuSi is 14.5 T at 0 K. The
coherence length of h-ZrRuSi is 47.7 A%

5. MRhSi with Co,P-Type Structure (M = Ti, Zr and
Hf): The T,’s values of many ternary metal compounds with
the Co,P-type structure are between 2 and 5 K.>* As men-
tioned above, the compounds with the Fe,P-type structure
have the T values of above 10 K. The Fe,P-type structure
seems to be favorable for the enhancement of super-
conductivity. However, we have found that ZrRhSi with the
Co,P-type structure has a 7, above 10 K.** Figure 18 shows

0.008 . ; . .

t h-ZrRuSi ]
0.007 | ]

s /“M%SOK

L 110K IOOK 90K BOK ;70]({601(1 /‘42](
oo04f i i i T

0.006 |

0.005 F

Resistance (Q)

0.003 |

0002f ¢ i oloi i

0.001 |

0 bododiddsdidi i el
0 3 6 9 12 15
Magnetic Field (T)

Fig. 17. Resistances of h-ZrRuSi plotted as a function of
the applied magnetic field at constant temperatures be-
tween 2 and 12 K.



L. Shirotani

1.0
ZrRhSi
~ 08}
g
(9]
2 o6k
= 06 |
Z 048 04 F
j; : 02 D
5 Pl
%2t j
00 - 1 1
o 5 10 15 20
0.0 L .
0 100 200 300

Temperature (K)
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Fig. 19. Resistivity of TiRhSi plotted as a function of tem-
perature.

resistivity vs temperature curves for ZrRhSi prepared at around
1600 °C and 4 GPa. The superconducting transition of ZrRhSi
was observed at around 10.3 K. ZrRhSi and ZrRuP are iso-
electronic compounds with the valence electrons/formula unit
of 17. Further, ZrRhSi is isostructural to o-ZrRuP. As o-
ZrRuP does not possess a partial 1D band, its 7 is low.??
However, the T, of ZrRhSi is much higher than that of o-
ZrRuP, comparable to that of h-ZrRuP. We suggest that
D(Eg) of ZrRhSi is larger than that of o-ZrRuP because the
Si3s and Si3p level are easily hybridized with Ru4d and Zr4d
states.

Figure 19 shows the resistivity of TiRhSi plotted as a func-
tion of temperature. The resistivity vs temperature curve of
TiRhSi is very similar to that of ZrRhSi. The superconducting
transition of the compound was observed at around 5 K. The
dc susceptibility vs temperature curve for TiRhSi was mea-
sured in an applied field of 5 Oe. Susceptibility of the silicide
decreases sharply at around 5 K.** The T of h-TiRuP with the
Fe,P-type structure is below 1.5 K.# This is much lower than
that of TiRhSi with the Co,P-type structure. Generally speak-
ing, the T, of the compounds with the Fe,P-type structure is
much higher than that of the compounds with the Co,P-type

structure. Thus, the low T, value of h-TiRuP is quite
puzzling.®
6. ZrRuGe: The X-ray diffraction pattern of ZrRuGe
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Fig. 20. Temperature dependence of dc magnetic suscep-
tibility measured in an applied field of 5 Oe for the poly-
crystalline sample of ZrRuGe.

resembles that of h-ZrRuSi. However, some diffraction lines
are broadened or split, there are also same additional lines
which cannot be indexed with the Fe,P-type structure. This
pattern is indexed with the orthorhombic TiFeSi-type
structure.* Figure 20 shows the temperature dependence of
the dc magnetic susceptibility measured in an applied field of 5
Oe for the polycrystalline sample of ZrRuGe. The existence of
hysteresis between zero-field cooling and field cooling indi-
cates that the germanide is a type II superconductor.?®* The
superconductivity of several equiatomic ternary germanides
has been studied; 7.’s of these compounds are between 2
and 5 K.#7 ZrRuGe has the highest T, among the ternary metal
germanides.

Seo et al. have pointed out that h-ZrRuP has a nearly half-
filled one-dimensional (1D) band along the c direction. A
CDW instability associated with a 1D band is a likely cause
for the occurrence of change from the h-MM'X (M and
M’: transition metal, Fe,P-type structure) to o-MM’'X
(“dimerized” form of h-MM'X, TiFeSi-type structure) in
HfRuAs and TiRuAs phases. h-ZrRuP does not undergo a
distortion from h-MM’'X to o'-MM’X because the CDW in-
stability is not strong enough. However, this instability ap-
pears to provide soft phonons conductive to superconductivity,
leading to a high 7, value for h-ZrRuP.*> However, we have
found that o’-ZrRuGe with the TiFeSi-type structure shows the
superconductivity at around 10.5 K.384% As the high T, value
of ZrRuGe cannot be explained by their theory,?? this germa-
nide is a very interesting superconductor.

The resistance of ZrRuGe was measured as a function of the
applied magnetic field at constant temperatures between 2 and
10 K. The H¢, value obtained from this data is 8.3 T at 0 K.
The coherence length of ZrRuGe is 63.0 A.3

7. MM'P (M = Mo and W; M’ = Ni and Ru): MoNiP
and WNiP have the hexagonal Fe,P-type structure.*® On the
other hand, MoRuP and WRuP take the orthorhombic Co,P-
type structure.** Recently, the crystal structure of MoRuP was
refined by the Rietveld analysis using powder X-ray diffraction
data.®® Figure 21 shows the electrical resistivity vs tempera-
ture curves for MoRuP prepared at around 1600 °C and 4 GPa.
The resistivity sharply drops at around 15.5 K.'?> The dc mag-
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Fig. 22. Electrical resistivity vs temperature curve for
WNiP prepared at around 1600 °C and 4 GPa.

netic susceptibility sharply decreases at around 15 K and 4 K.
The magnetic anomaly at around 4 K may be due to some
impurity based on the binary molybdenum phosphides. The
superconductivity of the binary molybdenum phosphides pre-
pared at high pressures is observed at around 7 K for MosP,
5.8 K for MogPs and 3 K for MosP3.! MosP has the highest
T. value in the binary metal phosphides. When the ternary
molybdenum phosphide is prepared at high pressures, a small
amount of the binary molybdenum phosphide also is produced.
Thus, the binary phosphides act as the impurity.

The electrical and magnetic properties of MoNiP are similar
to those of MoRuP at low temperatures. MoNiP shows the

tibility measured in an applied field of 5 Oe for the poly-
crystalline sample of WRuP.

superconducting transition at around 15.5 K.>> The 7, value of
MoNiP and MoRuP is highest among the metal phosphides.

Figure 22 shows electrical resistivity vs temperature curves
for WNiP prepared at around 1600 °C and 4 GPa. The resis-
tivity of the wolfram compound sharply decreases at around 5
K. Figure 23 shows the temperature dependence of dc mag-
netic susceptibility measured in an applied field of 5 Oe for the
polycrystalline sample of WRuP. The dc magnetic suscep-
tibility of the compound abruptly decreases at around 5 K.
Similar magnetic behavior is also observed for WNiP prepared
at high pressure.

The T, and crystal data of MRuP and MNiP (M = Mo or W)
are summarized in Table 3. The 7. of h-ZrRuP and h-HfRuP
with 4d or 5d transition metal is about 13 K. NbRhP and
TaRhP with 4d or 5d transition metal have almost the same
T.. A replacement of the early 4d transition metal by the 5d
element causes only a small change in the 7; in each structure
for these superconductors. However, when molybdenum
atoms are replaced by wolfram atoms, the 7, decreases sharply
from 15.5 K to 5 K. The T, of the molybdenum compounds is
three times higher than that of the wolfram phosphides. This
relationship is also found for the binary metal phosphides. The
T. value of MosP (T, = 7 K) is about three times that of W3P
(T. =2.26 K).>* These results suggest that the electronic
states in the vicinity of the Fermi level are mostly composed
of the 4d or 5d orbitals of the molybdenum or wolfram atoms
in MRuP and MNiP. NMR measurements in MoNiP have
been carried out at low temperatures. The electronic density
of states at the Fermi level has the Mo4d character and its

Table 3. T, and Crystal Data of MRuP and MNiP (M = Mo or W)

MoNiP WNiP MoRuP WRuP

Valence electrons/formula unit 21 21 19 19

hexagonal hexagonal orthorhombic orthorhombic
Structure

Fe,P-type Fe,P-type Co,P-type Co,P-type
alA 5.858(1) 5.8614(6) 6.035(1) 5.9791(4)
bIA — — 6.9935(9) 6.9325(7)
c/A 3.668(1) 3.6072(6) 3.8572(5) 3.8726(6)
Cell volume/formula unit (A%) 36.35 35.77 40.4 40.13
c/a 0.626 0.615 0.639 0.648
T./K 15.5 49 15.5 5.5
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Fig. 24. Crystal structure of NbPS.

weight is considerably large.>* MoRuP is isostructural to o-
ZrRuP. However, T, of MoRuP (15.5 K) is much higher than
that of 0-ZrRuP (4 K). The shortest Zr—P distance (2.742 A) in
0-ZrRuP is much longer than the shortest Mo—P spacing (2.44
A) in MoRuP. The bonding in MoRuP must differ from that in
0-ZrRuP.*® MoNiP with the Fe,P-type structure has the Mo—P
distance which is short compared with the Zr—P distance in h-
ZrRuP. The main part of the D(Ef) for ZrRuP comes from the
Ru4d component.>>3® On the contrary, the D(Er) values of
both Mo compounds mainly arise from Mo4d component.
This difference between Zr and Mo compounds may be closely
related to the superconducting properties.

ZrRhSi and MoRuP with the Co,P-type structure and
ZrRuGe with the TiFeSi-type structure show rather high Tt
values of above 10K, though they do not have the one-dimen-
sional chains like the compounds with the Fe,P-type structure.
These results suggest that the two-dimensional planar frame-
work is quite important to the superconducting properties of
equiatomic compounds.

[3] Non-Metal-Rich Compound NbPS. The interesting
ternary niobium compound NbPS was prepared at high tem-
peratures and high pressures. The compound is metallic, trans-
forming to a superconductor at around 12 K.'*15  Figure 24
shows the crystal structure of NbPS. This is the orthorhombic
structure with space group Immm. There are several interest-
ing features in the structure. The Nb atoms are eightfold co-
ordinated by four P and four S atoms at the corners of a bi-
capped trigonal prism.!* The prisms share faces, resulting in
the formation of Nb—-Nb dimers. The inter-atomic distance of
2.93 A in the Nb-Nb dimers is in agreement with the sum
obtained from the atomic radii. The S atoms are coordinated
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Fig. 26. Temperature dependence of dc magnetic suscep-
tibility measured in an applied field of 5 Oe for the poly-
crystalline sample of NbPS.

by four Nb atoms at the corners of a distorted tetrahedron,
while the P atoms form continuous strings in the c-axis direc-
tion with alternating short (2.22 A) and long (2.51 A)
distances. The short distances are similar to the lengths of
the normal P-P covalent bonds found in many phosphides.
Keszler and Hoffmann carried out the tight-binding band cal-
culations for NbPS.1¢

Figure 25 shows the resistivity vs temperature curves for
NbPS prepared at around 1300 °C and 5 GPa. The resistivity
decreases with decreasing temperature, and sharply drops at
around 12 K. Figure 26 shows the temperature dependence of
the dc magnetic susceptibility measured in an applied field of 5
Oe for the polycrystalline sample of NbPS. The existence of
hysteresis between zero-field cooling and field cooling indi-
cates that the compound is a type II superconductor. The
susceptibility of NbPS is essentially temperature-independent
in the region 10-300 K. This is indicative of Pauli paramag-
netism and is consistent with metallic behavior, which is ex-
pected from the temperature dependence of the resistivity.

Figure 27 shows the result of the specific heat measurement
on NbPS at low temperatures. The heat capacity (C) of the
compound can be fitted to the expression C = yT + BT° using
a least squares analysis, which yields the values y = 6.5
mJmol~! K2 and 8 =0.16 mImol~!' K™*. 1In the normal
state, T > T, the coefficient y is related to the electronic den-
sity of states at the Fermi energy, D(Ef), by
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Fig. 27. Specific heat of NbPS at low temperatures.

Y = (0 /3)nNoks*D(Er)(1 + 1) 3)

where n is the number of atoms per formula unit, Ny is Avo-
gadro’s number, kg is the Boltzmann constant, and A is the
electron-phonon coupling parameter given by McMillan.%
The coefficient B is related to the Debye temperature(®) as

B = (12/5)n*nNokg | ©° 4)

Using the above data, we calculated the Debye temperature of
NbPS as 330 K.

In order to derive D(EF), one may use McMillan’s formula
for A%

A =[1.04 + pu*In(©/1.45T)]/[(1 — 0.624™)
x In(©/1.45T,) — 1.04] 5)

Here (* was taken to be 0.1.3%% Values of A and D(Eg) for
NbPS were found to be 0.81 for A and 0.51 states/eV-atom for
D(Eg). The density of states at the Fermi level found for NbPS
is low, though T is relatively high.

Superconducting parameters of NbPS, h-ZrRuP and o-
ZrRuP are summarized in Table 4. The values of D(Eg) are
0.76 states/eV-atom for h-ZrRuP and 0.74 states/eV-atom for
h-HfRuP.** D(Ep) in NbPS is smaller than that of h-ZrRuP,
though the 7, values of the two compounds are almost the
same. The high 7, of NbPS may mainly arise from the strong
electron-phonon coupling. ZrRuP is a metal-rich compound
and NbPS is a non-metal-rich compound. However, the Hc,
value of NbPS (17 T) is close to that of h-ZrRuP (16 T). This
result suggests that the band structure of both compounds near
the Fermi level is mostly d-orbital in character.

Table 4. Superconducting Parameters for h-ZrRuP, o-

ZrRuP and NbPS

h-ZrRuP 0-ZrRuP NbPS
Density (g/cm?) 8.148 8.172 5.37
T./K 13 4 13
Debye temperarure ®@p/K 345 454 330
Electron-phonon
coupling parameter A 0.79 0.48 0.81
Density of states D(Ef) 076 072 051

[states/eV-atom]
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Fig. 28. H, vs temperature curve for NbPS.

As phosphorus atoms in NbPS form continuous strings
along the c-axis with alternating short and long distances,
and the short distances are in agreement with that expected
of normal P-P covalent bonds, and if it is assumed that only
phosphorus atoms separated by the short distance are bonded,
then the valences in NbPS can be regarded as being 2Nb**,
(P»)*~ and 2S*~. Since Nb-Nb dimers with a d' electron
configuration would be formed in the NbPS structure, the
semiconductive behavior would be anticipated, as is found in
Nbly, where Nb—Nb dimers in the linear chain structure behave
as a semiconductor.’>>’ However, in the case of NbPS, as the
long P-P distances contain some bonding character, the va-
lence of Nb must be lower, being somewhere between Nb*+
and Nb>*.'* Thus, NbPS can become metallic. Keszler and
Hoffmann performed tight binding band structure calculations
for NbPS.! The bands of NbPS near the Fermi level are
mostly of Nb d orbital character and below this level they have
P and S character. The d,. band is flat over a large portion of
the Brillouin zone, affording a peak in the density of states at
the Fermi level. The presence of this band may be closely
related to the superconductivity.

The magnetic field dependence of the resistance of NbPS
has been studied at low temperatures. Figure 28 shows the He,
vs temperature curve for NbPS. The H., value obtained from
this data is 17 T at O K. This is the highest H,, among the
phosphide superconductors.'

[4] Filled Skutterudites MM’';X;, (M and M’ = Metal, X
= Pnicogen). Ternary metal pnictides with the general for-
mula MM’ X, (M = lanthanide; M’ = Fe, Ru and Os; X =
pnicogen) crystallize in a skutterudite (CoAsz-type) structure
filled by lanthanide atoms.'”!° Figure 29 shows the filled
skutterudite-type structure. M atoms located at (000) and
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Fig. 30. Temperature dependence of dc susceptibility mea-
sured in an applied magnetic field of 5 Oe for LaRuyP,.

(1/2 1/2 1/2) of a cubic structure like bcc. The transition-metal
atoms (M) are in the center of a distorted octahedral environ-
ment of six pnicogen atoms. The skutterudite-type structure is
characterized by formation of well defined X4*~ groups. The
filled skutterudites show interesting superconductivity aspects
at low temperatures.?>2>26

Figure 30 shows the temperature dependence of dc suscep-
tibility measured in an applied magnetic field of 5 Oe for
LaRuyPj,. Susceptibility sharply decreases at around 7 K.
The sample cooled in zero field shows a magnetic shielding
equal to approximately 100% of that expected for perfect
diamagnetism.”® The existence of hysteresis between zero-
field cooling and field cooling indicates that LaRu4Pi, is a
type 1I superconductor. As the susceptibility is essentially
temperature independent in the region of 7-300 K, the mag-
netic property of the phosphide is due to the Pauli
paramagnetism. Figure 31 shows the results of the specific
heat measurements of LaRusP;, at low temperatures. The heat
capacity C can be fit to the expression C = YT + BT> by a
least squares analysis, which yields the value y = 26.0
mJmol~! K=2 and B=0.372 mJ mol~! K=*, the latter value
corresponding to the Debye temperature ® = 446 K. Since
the specific-heat jump AC is 270 mJmol K at 7, (= 7.0 K),
AC/yT, is 1.48. This value almost agrees with 1.43 obtained
by BCS theory. From Egs. 3, 4 and 5, the values of A and
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Fig. 32. Specific heat of LaRusAs;; at low temperatures.

D(EFf) for LaRuyPy, are obtained as 0.56 and 0.42 states/eV-
atom, respectively. According to the BCS theory, the super-
conducting electronic specific heat Cs of LaRuyPj, can be fit
to the expression

Ces/MT. = 11.15exp (—1.72T./T) (©6)

Since A (half of the energy gap) at around 7. is 1.72 kg7,
2A/kgT. is 3.43. This value almost agrees with the value 3.53
obtained from BCS theory. The energy gap (2A) of LaRuyPy»
is 2.13 meV.

Figure 32 shows the result of the specific heat measure-
ments of LaRugAs), at low temperatures. From the tempera-
ture dependence of the heat capacity of the compound, we
obtained the values ¥ =73 mJmol~' K=2 and ® =233 K.23
Since the specific-heat jump AC is 1290 mJmol~! K= at T,
(=10.1 K), AC/yT, is 1.75. This value is slightly larger than
the value 1.43 obtained from BCS theory. The values of A and
D(Eg) for LaRusAs;, are 0.86 and 0.98 states/eV-atom,
respectively. The parameters obtained from the measurement
of the heat capacity for LaRuy X, (X = P and As) are sum-
marized with results of LaFe4P}, reported by Meisner et al.”®
in Table 5. Both values of LaRuyAs), are larger than those of
LaRuyPj;. Thus, the T, value of the arsenide becomes higher
compared with that of the phosphide.

Figure 33 shows the resistivity of LaRusAs;; at low tem-
peratures and at high pressures. The resistivity was measured
using a cubic press under hydrostatic conditions.®° The super-
conducting transition of this arsenide is observed at around
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Table 5. Lattice Constant and Superconducting Parameters
for LaT4X;, (T = Fe, Ru; X = P and As)

LaFe4P12“) LaRu4P|2 LaRU4A512
alA 7.8316 8.0605 8.5097
T./K 4.1 7.2 10.3
Y (mJ/mol.K?) 57 26 73
®p/K 580 446 233
D(EF) [states/eV-atom] 0.98 0.42 0.98
A 0.45 0.57 0.86
AC/yT: 1.25 1.48 1.75
a) Ref. 59.
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Fig. 33. Resistivity vs temperature curves for LaRusAs, at
high pressures.

10.3 K under ambient pressure. The 7. of the arsenide linearly
decreases with increasing pressure at the rate of d7./dP =
—0.4 K/GPa up to 8 GPa.®" This value is much larger than
the pressure shift of ZrRuP.’’ T.’s of several Cu—O-based
high-temperature superconductors strongly depend on the
pressure.®’ This result suggests that the electronic states near
the Fermi level in LaRu4As); are not as sensitive to pressure as
the oxide superconductors.

The resistivity and the dc magnetic susceptibility of
LaOs;As, have been measured at low temperatures.®’ This
arsenide shows a superconducting transition at around 3.2 K.
On the contrary, the 7. of LaOssP; is 1.8 K. T.’s of
LaRusAs; and LaOssAs, are high compared with those of
the corresponding phosphides. The band electronic structure
of LaFe,P;, has been calculated by employing the tight-bind-
ing method within the extended Hiickel framework;®” the ma-
jor contribution to the highest occupied band of the phosphide
comes from the orbitals of the P4 rings that form the phospho-
rus sublattice. If phosphorus atoms in the skutterudite com-
pounds are substituted by arsenic atoms, the electronic states
of the metal arsenides must change significantly in the vicinity
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Fig. 35. Resistivity vs temperature curve for PrRusAs);.

of the Fermi level. The results of the specific heat show that
D(Eg) of LaRuyAs); is much larger than that of LaRusPi;.
The magnitudes of density of states and electron-phonon cou-
pling of the arsenides are larger than those of the phosphides.”®
Arsenic atoms play an important role for the enhancement of
superconductivity in LaRusAs;, and LaOssAs);.

Figure 34 shows the resistances of LaRuySbi, plotted as a
function of the applied magnetic field at constant temperatures
between 0.4 and 3 K. The resistance rapidly decreases at
around 2.8 K. The 7. decreases with increasing applied mag-
netic field. The superconducting transition of the compound
becomes broader at low temperatures. The H., obtained from
this data is 0.46 T at 0 K. The coherence length of the com-
pound is 266 A3  Similar resistance measurements for
LaRuyP;, and LaRugAs), were already carried out under the
applied magnetic field. The H., value and the coherence
length at 0 K are 3.65 T and 95 A for LaRuyP5,%% 0.72 T
and 206 A for LaRusAs;».5® These values are larger than those
of LaRu4Sb12.

Figure 35 shows the resistivity vs temperature curves for
PrRusAs;. The resistivity drops sharply at around 2.4 K.
The large diamagnetic susceptibility is observed at around
2.4 K2 These behaviors are due to the superconducting
transition. On the contrary, we have found a metal-to-insulator
transition at around 60 K for PrRuyP;».2* The resistivity of the
phosphide decreases with decreasing temperature from 300 K
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Table 6. Number of Valence Electrons per Formula Unit,
T., He; and Coherence Length for Superconducting Mate-
rials with 7, above 10 K

Valence electrons TJK  Ho/T Coherence
fomula unit length/A

ZrRuyP; 46 11 12.2 52.0
h-ZrRuP 17 13 16 454
h-HfRuP 17 12.7 14 48.5
ZrRuAs 17 12 14.1 48.3
ZrRhSi 17 10.3 — —
h-ZrRuSi 16 12.2 14.5 47.7
ZrRuGe 16 10.5 8.3 63.0
NbPS 16 13 17 44.0
LaRusAs» 75 10.3 0.72 206.0

to 60 K, and abruptly increases with decreasing temperature
below 60 K. The structural phase transition in this phosphide
was observed at around 60 K.%* PrFe,P,, shows unusual
heavy fermion behavior.®> PrFe4P;, and PrOs4P;,?* do not
show any superconductivity at low temperatures. Thus,
PrRuyAs;; is a new superconductor with a magnetic rare earth
in a skutterudite compound. Recently, interesting super-
conductivity in PrOs4Sby, has been observed at around 1.85
K.?>26 This compound behaves as a heavy fermion supercon-
ductor with strongly correlated electrons.

One of the most striking features in filled skutterudites is the
occurrence of the superconductivity for LaFe,P;, with T, of
4.1 K> We have recently prepared a new filled skutterudite
YFe4 P> at high pressure.® The superconductivity of this
compound was observed at around 7 K. Shimizu et al. have
reported that iron behaves as a superconductor below 2 K at
pressures between 15 and 30 GPa.” The superconducting
transitions in M,Fe3Sis (M = Sc, Y and Lu) were observed
at around 2-6 K.%® YFe4P;, has the highest 7. among the
materials containing the ferromagnetic element Fe.

[5] Superconducting Properties of Ternary Metal
Compounds.  Number of valence electrons/formula unit,
T., He, and coherence length for the superconducting materials
with T, of above 10 K are summarized in Table 6. ZrRu4P,,
h-ZrRuP, h-HfRuP, ZrRuAs, ZrRhSi, h-ZrRuSi and ZrRuGe
are all metal-rich compounds. On the other hand, NbPS and
LaRugAs;, are non-metal-rich compounds. As shown in
Table 1, these compounds have characteristic crystal
structures. The chemical component, cell volume and number
of valence electrons/formula unit for these compounds are very
different. However, 7.’s of the superconducting materials are
between 10 and 13 K. The volume/one atom is the smallest for
ZrRu4P; (12.9 A3) and the largest for LaRuyAs, (17.3 1&3) in
these compounds. Their 7,’s are not sensitive to the volume.
Generally, the electrical properties of many materials depend
on the number of valence electrons (including even or odd).
However, the superconductivity of these materials is insensi-
tive to the number of valence electrons. The Hg, value of
NbPS is 17 T, higher than that of the metal-rich compounds.
On the contrary, LaRusAs;, has a low Hg, value of 0.72 T.
The coherence length of this arsenide is long, 206 A. The H.,
values of filled skutterudite LaRusX;, (X = P, As and Sb) are
very small.”8
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Fig. 36. Relationship between superconducting transition
temperature (7;) vs electronic specific-heat constant ()
for various superconductors.

The electronic states at near the Fermi level for ZrRuyP», h-
ZrRuP and h-ZrRuSi with metal atom clusters in the structure
are mainly due to the Ru4d character.>?>3® The bands of
NbPS near the Fermi level are mostly of Nb d orbital character
and the bands below have P and S character.'® As shown in
Table 1, the proportion of non-metal element is highest in the
filled skutterudite compounds. The band calculation suggests
that the electronic states of LaRuyP;, with P4*~ clusters in the
structure are due more to phosphorus rather than to the Rudd
orbital character in the vicinity of the Fermi level.®> H, val-
ues of ZrRuyP,, h-ZrRuP and NbPS are much higher than
those of LaRu4P;> and LaRusAs;>. The remarkable difference
of the H., value in the ternary ruthenium compounds may be
closely related to the difference of the electronic states in the
vicinity of the Fermi level.

Many elements, oxides, nitrides, carbides, sulfides, AlS
compounds and heavy fermion compounds show the supercon-
ducting transition at various temperatures. The specific heats
of these superconductors have been measured at low tempera-
tures, and the relationship between the superconducting transi-
tion temperature (7¢) and the electronic specific-heat constant
y is discussed.®” As mentioned above, we obtained 7, and y
for NbPS, LaRu4Pj, and LaRuyAsj,. Figure 36 shows the
relationship between 7. and y for various superconductors.
Solid circles indicate NbPS, LaFe4P,,, LaRu4P > and LaRuy-
Asyp. The filled skutterudites are related to the molybdenum
sulfide chevrel-phase materials. NbPS is related to the nio-
bium compounds. The specific heat of many superconducting
materials prepared by us are not studied sufficiently yet. The
specific heat measurement for these materials is very important
in order to understand the characteristic superconducting prop-
erties.

Summary

We have prepared various ternary metal phosphides, ar-
senides, antimonides, silicides and germanides at high tem-
peratures and high pressures. These superconducting materials
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are classified into four groups: metal rich compounds [1]
M,M’;X, and [2] MM’X; non-metal rich compounds MXX’
and MM';X;, (M and M’ = metal element, X and X’ = non-
metal element). These compounds have the characteristic
crystal structures with clusters consisting of atoms. The elec-
trical resistivity and magnetic susceptibility of these materials
were studied at low temperatures. We have found many new
superconductors with 7, of above 10 K in these materials. H¢,
values of the metal rich compounds are high, above 10 T. On
the contrary, filled skutterudite LaRuyAs;, has small Hc, val-
ues below 1 T. From the specific heat measurements, the
electronic density of states in the vicinity of the Fermi level
and Debye temperature are obtained for NbPS, LaRuyP;, and
LaRugAs;. Superconducting properties of various ternary
metal compounds are discussed based on the band
calculations. If the electrical and magnetic properties of many
materials with the similar structures and chemical components
will be studied in detail, many new superconductors will be
found in the near future.

The high-pressure synthesis of various compound supercon-
ductors was carried out at the Institute for Solid State Physics,
the University of Tokyo. The author would like to thank Pro-
fessor Takehiko Yagi, the University of Tokyo, for use of the
high-pressure apparatus and for warm encouragement. Var-
ious works presented in this paper have been performed with
many coworkers of Muroran Institute of Technology. The
author thanks Tanaka Kikinzoku Kogyo for giving him the
high-purity Ru and Os metal powders. This work was partly
supported by a Grant-in-Aid for Scientific Research from the
Ministry of Education, Science, Sports and Culture, No.
13874040 and No. 14204032.
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