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The orthorhombic superconductor MoRué* iloRuP) was prepared under high pressure, and its structure
was refined using the x-ray Rietveld technique. The grayish-black sammleVwRuUP is a superconductor
with T,=15.5K and having space groupPnma and lattice parametersa=6.03503(16) A, b
=3.85311(8) A, and=6.94355(17) A,V=161.463(7) A3 The structure ob-MoRuP is characterized by
layers(parallel to theac plane of Mo, Ru, and P atoms. Based on the accurately determined crystal structure,
the band structure and the density of std2©S) of o-MoRuP were calculated by a first-principles density-
functional method and compared with those of the isostructural superconduzZi®uP (T,=4K). It is
shown that the higf. in o-MoRuP is directly related to the higher level of the DOS at the Fermi leigg) (
and is traced to be predominantly from the Md drbitals. The calculated values of the DOSEat are 0.46
and 0.33 states/eV atom for the Mo and Zr analogs, respectively. The electronic bonding in these two crystals
is analyzed in terms of the Mulliken effective charge and the bond order values. The bondiigaRuP
differs from that ino-ZrRuP in that there is a shot®.44 A Mo-P bond. The x-ray reference pattern of
o-MoRuP prepared using a Rietveld decomposition technique has been submitted to the International Center
for Diffraction Data to be included in the Powder Diffraction File.
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. INTRODUCTION method?®-?2 In addition, the electronic structure of
0-MoRuP is calculated and compared to isostructural
Various ternary transition compounds with chemical for-0-ZrRuP in order to explain the significant difference in their
mula of TT'X (whereX represents Si, Ge, and P and Wheresupercondqctlng temperatures. Past investigations on the su-
T and T’ represent @, 4d, and 5 transition metalshave perconducting properties of tHel’ X alloys seem to indicate

been investigated since the 19608 In TT'X, Tis conven-  that those alloys having; above 10 K tend to be in the
tionally to the left of T’ in the periodic table. In recent years, h-TT'X group. Alloys in the orthorhombic phase generally

the phosphides and silicides received increased attention bg2"¢ lowerT of less than 5 K. Arguments had been made
: . . _ at this is probably due to the different layered structures in
cause of the interesting superconductivity propertte$ X SO

There are two structure tvoes 6" X both of which are the hexagonal and orthorho_rr_1b|c phases that re_sul_tgd in dif-

yp : - ferentT-TandT’-T’ connectivity' It is therefore significant
layer structures. The first structure type is hexag®®i2  that the newo-MoRUP can havd . as high as 15.5 K718A
(FeP type. Representative examples amdRuP (M  sound explanation of this difference requires detailed infor-
=Ti,ZrHf,Mn), MOsP M=TiZrHf), MNP (M  mation on the electronic structures of these alloys, which is
=Mn,Fe,Co,Mo,W), MRhP (M=Cr,Mn), CrPdP, and the second goal of this investigation. In the past, most of the
CaAgP~" The second structure type is referred to as theexplanation for the difference i, in TT’X alloys was
anti-PbC} type (or Co,Si), which has the orthorhombic based on indirect evidence such as the number of electrons
space groufPnma Examples are TiRuP, TiPdSi, MnRhSi, per crystal and the Mo-Mo interatomic bond distances,
ZrFeGe, ZrRhGe, and NbRhGe!'® The orthorhombic etc!”**To our knowledge, no rigorowsb initio calculations
phase transforms to the higher-symmetry hexagonal form aif the band structures of these crystals have been performed.
high temperatures and pressufesle will refer these two Seo et al. had calculated electronic structure biZrRuP,
phases as-TT'X andh-TT'X, respectively. 0-ZrRuP, andh-ZrRuSi using extended el method?

As the powder x-ray diffraction technique is of primary which is of limited accuracy. In this paper, we present the
importance for phase characterization, extensive coveragesults of first-principles calculations of the electronic struc-
and accurate reference diffraction patterns of the supercorure of o-MoRuP based on the newly refined structure. A
ductor and related phases in the Powder Diffraction®File similar calculation oro-ZrRuP (T.~4 K) is also carried out
(PDP are essential for the superconductivity research comusing the structure determined by Mulkeral 2° By compar-
munity. Furthermore, accurately determined crystal structuréng the results of these two crystals, we can delineate the
including the atomic positions enables theoretical calculasubtle difference in the structure and bonding of the two
tions of the electronic structure. A goal of this investigationcrystals, identify the factors that lead to the differences in
is to supplement the reference diffraction patterns and crystal., and shed some light on the nature of superconductivity
structures of o-MoRuP by using the x-ray Rietveld intheTT’X alloys in general.
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The paper is organized as follows. We first describe the 1
experimental determination of the crystal structure in Sec. II. )
The results of theoretical calculations are presented in Sec T
[ll. Finally, a brief section on comments and perspectives is
given in the last section.

(-

2]

II. EXPERIMENT (REF. 37) 3

A. Sample preparation and superconductivity measurements

The preparation of the-MoRuP sample at high tempera-
ture and pressure has been presented béfaxevedge-type
cubic anvil high-pressure apparatus was used. The samplt
assembly for the preparation of the compounds is similar to T T T
that of the synthesis of black phosphoffighe starting ma- 0 10 20 30 40 50 60
terials were placed into a crucible made of boron nitride Temperature (K)

(BN) and with the graphite heater was inserted into the py-
rophyllite cube. Theo-MoRuP sample was prepared by reac-
tion of stoichiometric amounts of the powders of Mo, Ru,

and P at a pressure around 4 GPa. The reactions were carrigglence formalisi#f are 2.44 A for Mo-P and 2.29 A for
out at a temperature between 1200 and 1700 °C. Ru-P, a Ru-P bond is expected to be significantly shorter than

Superconductivity measurements were conducted using 8y, b phond, The refined bond distances led to the reported
superconducting quantum interference devisQUID) mag- atom-type assignments, but in fact interchanging the Mo and

netometer. The sample was cooled from 1602tK in an o L - ) :
applied field of 800 A/M(10 Oe)gand some of these results (R;zgc;sggns led to significantly higher refinement residuals
have been reported previousfy: The reference x-ray pattern a-MoRuP was obtained
with a Rietveld pattern decomposition technique. The pattern
B. X-ray Rietveld refinements represents an ideal specimen pattern and was corrected for
For the x-ray diffraction measurement, tleMoRhP systematic errors bOth. in the interplamiaspacing valueed)
powder was mounted in a zero-background quartz holde nd integrated Intensity values of the diffraction peélks_
with double-sided adhesive tape. A Scintag PAD V diffrac- hg reported peak positions were calculated from the refined
tometer equipped with an Ortec intrinsic Ge detector waéattlce parameters, as they represent the pest measure of the
used to measure the powder pattet@si K« radiation, 40 true positions. Fo_r p.egks resolved qt_the instrument resolu-
KV, 30 mA) from 3° to 140° 2 in 0.02° steps, counting for tion funcgon, the mdmdyal peak p0$ItI0nS are reported. For
10 s per step. All data processing and Rietveld structura‘P.V.erla.pp'ng peaks, _the |nte_n5|ty-w_e|ghted average peak po-
refinement®?! were carried out using the General Structure®'tion 1S reporte_d \.N'.th multiple indices. For marginally re-
Analysis Systeni? The reported structut®of o-ZrRuP was solved peaks, individual peaks are reported to more accu-
employed as a starting model for refinement. Included in théate'y simulate the visual appearance of the pattern.
refinements were the atomic coordinafeith fixed isotropic , i -

Magnetic Moment (nAm?)

&

FIG. 1. A plot of the magnetic moment ofMoRuP as a func-
tion of temperature.

displacement coefficientsa scale factor, a sample displace-
ment coefficient, and the lattice parameters of the orthorhom-
bic MoRuP. The peak profiles were described using a- > "
Thompson-Cox-Hastings pseudo-Voigt function with the ‘é :
“finger” asymmetry parametrization and the “Stephens” = &
treatment of anisotropic strain broadenitmofile function Q -
no. 4); in the final refinement, only the Gaussian(strain, B ¢ 8
the CauchyX (size), and the specimen displacement coeffi- 'c%
cients were refined. The background was described using a;
six-term cosine Fourier series. The small degree of preferrec.z 2 2
orientation was described using second-order symmetrizec & ~ T Q
spherical harmonics. The 26.6°-27.18 région(which con- E N= - 28 8 T
tained a peak from an unidentified impupitwas excluded < g =7 ~: g
from the refinements. S g g / ER
The similarity of Mo and Ry42 and 44 electrons, respec-
26 36 46 56 66

tively) means that we would expect to use structural criteria
to make the metal-atom-type assignments. The average Mo-I 20 (°)

distance, obtained from an analysis of structures in the

CRYSTMET databas® is 2.487) A, and the average Ru-P  FIG. 2. X-ray powder diffraction pattern oEMoRuP. Miller hkI
distance is 2.3B) A. The expected distances by the bondindices are shown for the main orthorhombic phase.
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FIG. 3. Observed, calculated,
and difference diffraction patterns
of o-MoRuP. The small crosses
represent the observed data points,
and the smooth line through them
the calculated pattern. The differ-
ence pattern is plotted at the same
scale as the other patterns. The
row of tick marks indicates the
calculated peak positions.
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C. Results and discussion

Figure 1 shows a plot of the magnetic moment o

0-MoRUP as a function of temperature from 60 K down to 2

K. At high temperatures the sample is paramagnetic. At lo

temperatures the sample becomes diamagnetic due to tflya

presence of superconductivity. The onset temperaflie,
was observed at-15 K as compared to the 4-K value re-
ported for theo-ZrRuP* This value agrees with that re-
ported by Shirotanet al’

The powder x-ray diffraction pattern @-MoRuP along

120.0 140.0

0-ZrRuP ando-NbRuP. Table Il gives the atomic coordinates

fof o-MoRuP.

Considering only the metal-phosphorus connectivity, the
-MoRUP structure is composed of edge-sharing RieRa-
edra[Fig. 4(a)] and MoR square pyramidfFig. 4(b)]. The
atoms are at the corner of these polyhedra and Mo and Ru
are not shown. These two types of polyhedra fill the space of
the structure. Since all atoms are positioned in layers parallel
to the ac plane and are separated by a distancebt,
0-MoRuP can also be viewed as having a two-dimensional
layered structure. All layers are filled with Mo, Ru, and P and

with the Miller hkl indices is shown in Flg 2. Peaks that are are equiva|ent to each other except with trans|aﬂ.—dg_ 5)

marked with an arrowat 20 values of 26.9° and 42.4%n-

These layers consist of zigzag chains formed by triangular

dicate the presence of a small amount of a second unidentiio-Ru-Mo clusters(or Zr-Ru-Zr clusters ino-ZrRuP) run-

fied phase.o-MoRuP is confirmed to be isostructural to
0-ZrRuP (Cg@Si structure typg which was characterized by
Muller et al. using single-crystal x-ray diffraction methotfs.

The space groupPnma(No. 62 was chosen to conform to

ning parallel to thea direction(Fig. 6). P atoms were found
in the spaces between the chains. As the metallic radius of
Mo is smaller than Zr(1.40 vs 1.60 A, the interatomic
M-M, M-Ru, andM-P distances in thdl=Zr analog are

the standard setting. The final refinement of 21 variables udarger than those found in the compound wikh= Mo

ing 6072 observations yielded the residual® p=0.1062,
Rp=0.0798, x?=3.387, R(F?)=0.0825, and R(F)

(shown in Table Il}) as expected. It has been speculated that
the two-dimensional planar framework @fand T’ in the

=0.0584; the slope and intercept of the normal probabilityTT'P type structure may play an important role in the su-
plot were 1.708 and 0.125, respectively. These relativelyperconducting propertié$-°As will be shown later, a more

large values arise principally from the granularity of the detailed explanation must be based on accurate quantum-
specimen and, to a smaller extent, the presence of a secontechanical calculations of the electronic structure of these
minority phase. The agreement of the observed and calcwerystals.

lated patterns is excellefFig. 3). The lattice parameters of The x-ray reference pattern ofMoRuP(Fig. 3) was sub-
0-MoRuP are listed in Table | along with those of the analogamitted to the International Center for Diffraction Data

TABLE |. Lattice parameters and superconducting transition temperalyfgse of the orthorhombic
phosphidesMy RuP (M =Zr, Nb, and Mg.

Compound a(A) b (A) c(A) V (A3 Teeonsey (K)  Reference
ZrRuP 6.416%) 3.86234) 7.32158) 181.483) 3.82 10
NbRuP 6.3181) 3.719) 7.1731) 168.5 <11 10
MoRuP 6.0350Q16) 3.853118) 6.94355%17) 161.46 ~15 This work
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TABLE II. Atomic coordinates of MoRuP. [100]
Atom X y z Us(A?)
Ru 0.14182) 1/4 0.432%2) 0.001
Mo 0.02622) 1/4 0.8295%2) 0.001
P 0.75678) 1/4 0.38285) 0.005

(ICDD) to be included in the Powder Diffraction Fi({@DP.
Table 1V lists the x-ray diffraction pattern ai-MoRuP. In
this table, the interplanat spacings, Miller indices, and the
integrated intensity valudsare reported. The symbadid and

+ refer to peaks containing contributions from two and more
than two reflections, respectively.

FIG. 5. Projection of the orthorhombic structure of MORuUP. At-
oms connected by thick and thin lines are separated by half a trans-
lation period in the projectiof010] direction.

I1l. ELECTRONIC STRUCTURE CALCULATION
A. Method of calculation

The electronic structure of the two isostructural supercon-
ductors o-MoRuP ando-ZrRuP were calculated using the
orthogonalized linear combinations of atomic orbit&B_-
CAO) method?’ This is a density-functional-theory-based
first-principles method, which has been used for electronic
structures of many complex crystals, including one of the
earliest calculations for the YBCO superconductof® and
the alkali-doped gy-based superconductdt®*as well as the
complex organic superconductdfs: In the present calcula-
tion, the basis functions were expanded in atomic orbitals of
Mo, Ru, Zr, (Kr[corg], 5s, 6s, 5p, 6p, 4d, 5d), P ([Ne]
core, 3, 4s, 2p, 3p, 3d). The atomic orbitals were ex-

FIG. 6. Projection of the structure of orthorhomitRuP M
FIG. 4. Structure ofo-MoRuP showing(a) the edge-sharing =Mo and Zp, showing the one-dimensiond-Ru chains. Large
RuP, tetrahedra andb) distorted MoR square pyramids, both spheres,M; medium size spheres, Ru; small spheres, P. Dark-
viewed approximately along the axis. colored spheresy= %; light-colored sphereg;= 3.
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TABLE lIl. Interatomic distancegA) for o-MoRuP ando-ZrRuP. Data for the Zr analogRef. 10 are
included for comparison.

Distance Distance
Atom-atom M=Mo M=2Zr Atom-atom M=Mo M=2Zr
Ru-Ru 2.742(2X2 2.874x2 Ru-P 2.35(b) 2.457
2.2934) 2.453

Ru-M 2.8432) 2.903 2.396(2% 2 2.398x 2

2.870(1)x2 2.982<2

2.837(1)x2 2.926x 2 M-M 3.069(2)x 2 3.285<2

2.848 2.967 3.213(y 2 3.366x2
M-P 2.600(3)x2 2.746x2

2.755(3)x 2 2.742< 2

2.4384) 2.740

pressed in term of Gaussian-type orbit@l'O’s). The crys-  MoRuP has two more conduction electrons in the unit cell
tal potentials are written as superpositions of atom-centerethan ZrRuP, which resulted in a significant difference in the
functionals, also consisting of GTO’s. The crystal potentialshand structures ne&i- . o-MoRuP has more bands crossing
were iterated to full self-consistency when the total energy of | thus creating a large number of electron and hole pock-
the crystal converges to within 10 eV. 72k points in the  ets at the Fermi surface and a higher number of DOS’s at
irreducible portion of the Brillouin zon€éBZ) were used for  E_ or N(E.). Two remarkable features for both crystals are
the determination of the Fermi level: and for the evalua-  opserved. FirstE is located at the top of the band at the

tions of the density of stateDOS). Application of this ;56 centel™; second, a significant number of band degen-
method to geometry optimization by the total-energy mini-

- erel 1

mization scheme shows that the maximum differences in th&"acy and band crossing occur at Soint[ (3,5 ,0)/a] of
calculated and measured lattice constants are 1.3% fdP€ BZ. IN0-ZrRuP, this crossing is about 0.2 eV bely .
0-MoRUP, 0.8% foro-ZrRuP, and only 0.3% foh-zrRup, N -MORUP, this crossing moves up, closer&p because of
respectively’* This gives us great confidence in the Compu_two additional 41 electrons per formula unit, resulting in a

tational method we adopted for tHeT’ X superconductors.  Nigher value oN(Eg). Our calculatedN(Eg) for o-MoRuP
and o-ZrRuP are 0.46 and 0.33 states per eV atom, respec-

tively. The former is almost 40% larger. Our band structure

of o-ZrRuP is completely different from those of Ref. 23
The band structure near the Fermi level eMoRuP and  using the extended kel method. They found the opposite

0-ZrRuP are shown in Figs.(& and 7b), respectively. trend in N(Eg) vs T. in 0-ZrRuP andh-ZrRuP. No hard

B. Band structure and density of states

(a) o-MoRuP (b) 0-ZrRuP

2.0 2.0

A

1.5

1.0

0.54 0.54

n
Ent'-zrgy (eV)
R EE
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FIG. 7. Calculated band structure @ o-MoRuP and(b) o-ZrRuP. The Fermi level is at the energy 0 eV.
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TABLE IV. X-ray diffraction pattern foro-MoRuP [Pnmawith a=6.03503(16) A,b=3.85311(8) A

andc=6.94355(13) A]. The interplanat spacings, Miller indices, and the integrated intensity valuase

given. SymbolsM and + refer to peaks containing contributions from two and more than two reflections,

respectively.

d I h k d | h k| d I h k |
4.55507 19 101 3.47181 5 002 3.36908 40 0 11
3.01176 7 2 0™ 3.01176 7 1 0™ 2.94174 118 1 1 1
2.76754 6 201 2.37300 999 2 1MD 2.37300 999 1 1 ™
2.27753 9 2 02 2.24778 407 2 11 2.16107 195 1 0 3
198408 206 0 1 3 1.96062 56 2 1 2 1.93226 161 3 01
192651 257 0 2 0 1.88484 7 1 13 1.83652 7% 2 0 3
1.74062 75 3 02 1.73591 23 0 0 4 1.72723 26 3 11
1.66827 22 1 0 4 1.65783 20 2 13 1.62291 24 2 ™MO
1.62291 24 1 2 ™ 1.51836 12 3 0 3 1.47439 13 4 01
1.47087 33 2 22 1.43805 104 1 2 3 1.41263 13 3 13
1.38377 41 4 0 2 1.37701 50 4 11 1.36428 116 3 2 1
1.35336 3. 1 05 1.32929 68 2 2 3 1.30646 69 0 15
1.30233 20 4 1 2 1.29154 65 3 2 2 1.28961 21 0 2 4
1.26140 54 2 0 W 1.26140 54 1 2 M 1.24388 136 3 1 4
1.23614 8 131 1.20098 14 4 13 1.19892 21 2 15
1.19251 16 3 2 3 1.18920 5 501 1.18142 120 2 ™0
118142 120 1 3 ™ 1.17085 20 4 21 1.16500 50 2 31
1.13877 5 4 04 1.13634 88 1 OM 1.13634 88 5 1 M
1.12389 40 4 2 2 1.12303 33 0 33 1.11872 8 2 32
1.10742 25 1 25 1.10407 10 1 3 3 1.09568 18 3 15
1.09324 6 512 1.09013 6 1 16 1.08053 12 2 0 6
1.05540 31 2 25 0.99547 15 6 01 0.99101 32 5014
0.98064 17 3 3 3 0.97886 29 1 2 ® 0.97886 29 1 0™
0.96843 21 4 31 0.96332 52 6 1ML 0.96332 52 0 4 ™
0.96062 14 0 17 0.95977 22 5 14 0.94868 25 1 17
0.94264 74 0 3 B 0.94264 74 2 2 ® 0.94135 10 4 3 2
0.93712 23 6 1 2 0.93557 6 5 23 0.92251 7 6 03
0.91848 130 3 3 M 0.91848 130 4 0 ® 0.91740 6 1 42
0.91536 12 2 17 0.90087 9 4 33 0.90000 13 2 35
0.89324 19 4 16 0.89164 9 6 20 0.88717 12 2 4 2
0.88438 37 6 21 0.88125 85 5 2 4 0.87981 38 1 43
0.87261 98 1 2 W 0.87261 98 5 3 M 0.86795 10 0 O 8
0.86207 43 3 41 0.85378 18 3 35 0.85297 37 2 M3
0.85297 37 5 3™ 0.85114 6 1 36 0.84281 35 3 42
0.84227 10 0 4 4 0.83852 8 1138 0.83675 13 7 0 2
0.83417 17 1 4 M 0.83417 17 2 0 0.83204 20 6 2 3
0.82891 83 4 2 ™ 0.82891 83 4 0™ 0.82683 8 2 36
0.82220 10 5 33

evidence of one-dimensional or two-dimensional features otrystals are about the same while those from P are very
the band structure are found in our calculation. However, themall. In the BCS theory of metallic superconductivily, is
different layered structures mZrRuP discussed in Sec. IIC directly related toN(Eg) and the electron-phonon coupling
could have played some role in determining their respectiveonstant based on McMillan formdfais given by

electronic structures and special features near the Fermi sur-
faces.

The calculated total DOS and atom-resolved partial DOS
(PDOS of the two crystals are shown in Figs. 8 and 9. The
higher value ofN(Eg) in o-MoRuP comes from thedior-  where (wo) is the logarithmically averaged phonon fre-
bitals of the Mo atom based on the inspection of the wavequency, u* is the renormalized Coulomb pseudopotential,
functions. The contributions from Ru tN(Eg) in the two  andA=N(Eg)/V is the electron-phonon coupling constant,

—1.041+N\)
Tc:[<wlog>/1-2]ex A—p* —0.62Au" |’ 1)
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FIG. 8. Calculated total and partial DOS @MoRuP.(a) Total, FIG. 9. Calculated total and partial DOS o0iZrRuP.(a) Total,
(b) Ru, (c) Mo, and(d) P. (b) Ru, (c) Zr, and(d) P.

whereV stands for the e|ectr0n_phonon Coup”ng Strength_ Ashorter than the basal Mo-P distances and the Zr-P distances
higher value ofN(Eg) can account for a higheF.. Since in 0-ZrRuP. Its BO of 0.196 is significantly larger than the
0-MoRuP ando-ZrRuP are isostructural, it is not unreason- BO of other Mo-P or Zr-P pairs. The three-dimensiokiP
able to expect them to have similar lattice properties; it isbonds(Fig. 4 may play a secondary role in superconductiv-
therefore quite obvious that the difference Th can be ity. (3) The largest BO ob-MoRuP is from the Ru-P pairs
readily explained by the difference in tiN{Eg) values and (0.228 in o-MoRuP and 0.243 imo-ZrRuP. The latter is
to a lesser extent, the complex features of the Fermi surfacéarger in spite of the longer bond lengt®.453 vs 2.293 A
Also, o-MoRuP has a larger bandwidtt6.9 eV) than  This underscores the fact that bonding in these alloys cannot
0-ZrRuUP (6.3 eV). be analyzed simply in terms of bond lengths, but must be
based on realistic calculations that fully account for complex
interactions of three types of atoni{d) The role of Mo-Mo
. o and Zr-Zr bonding in these crystals has been speculated in
To understand the electronic bonding in these two crysthe past’ Our calculation shows that the BO between these
tals, the Mulliken effective charg®* and the bond order pajrs is relatively small. The BO between Ru-Ru pairs is
between metal and P and between metal and metal ween smaller(5) The total crystal BO, which is defined as
calculated based on the Mulliken scheffid separate mini-  the summation of all BO in the crystal for atomic pairs with
mal basis set was used in these calculations. The results aggng lengths less than 3.5 A, is 6.40 f®MoRuP and 7.46
listed in Tables V and VI. The calculateld, Ru, and P for o-zrRuP. This indicates thab-ZrRuP actually has a
atomic charges are 5.751, 8.2758, and 4.9740fMoRUP  stronger covalent bonding character thaMoRuP. This is
and 3.330, 8.529, and 5.143 forZrRuP. The charge trans- primarily due to the relatively stronger Ru-Zr bonds.
fers in these alloys are quite small, but the difference be- |t should be pointed out that in the past, analysis of crystal
tween the two crystals is evident. ¢AMORUP, Mo loses 0.25  strycture and bonding were carried out at a very rudimentary
electron to Ru and P loses only 0.03 electronodBrRuP, Zr  |evel, based only on the number of conduction electrons and
loses 0.67 electron, mostly to R0.53 electronbut alsoto P the crystal volume or the bond distances. In the present
(0.14 electron This difference in the charge transfer obvi- study, the analysis is based ah initio quantum-mechanical

ously affects the bonding in these two crystals with a concgjculations, which provide much more reliable results.
comitant change in their band structure near the Fermi level.

The calculated bond ord€¢BO) values are listed in Table i i .
V1. The corresponding bond distances are listed in Table Il VABLE V. Calculated Mulliken effective chargdg* (electrons
The smaller size of Mo compared to Zr results in considerRef- 38 of o-MoRuP ando-ZrRuP.

able variation in the bonding. The apical Mo-P distance is

C. Electronic bonding in o-MoRuP

much shorter than the basal distances and the Zr-P distances o-MoRuP o-zrRuP
in ZrRuP. The following observations can be summarizedMmo or zr 5.751 3.330
(1) The M-P bonds have much larger BO values, indicating aru 8.275 8.529
strong covalent character in these alloys dublt® bonding. p 4.974 5.143

(2) The apical Mo-P distanc@.438 A in o-MoRuP is much
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TABLE VI. Calculated bond ordeo-MoRuP ando-ZrRuP for bond distances of Table Il

Bond order(electron Bond order(electron
Atom-atom M =Mo M =Zr Atom-atom M =Mo M =Zr
Ru-Ru 0.02x 2 0.007x 2 Ru-P 0.179 0.138
0.228 0.243
Ru-M 0.015 0.103 0.1492 0.188x 2
0.046%x 2 0.070x 2
0.046%x 2 0.077% 2 M-M 0.052x 2 0.061x 2
0.096 0.120 0.0382 0.053x 2
M-P 0.100x 2 0.076x 2
0.048x 2 0.100x 2
0.196 0.124
IV. COMMENTS AND PERSPECTIVES much clearer pattern on the interrelationship among super-

In summary, we have reported the structure and X_ra)?onductlng properties, crystal structures, and electronic prop-

powder diffraction pattern of the orthorhombic SuperCon_erties in this class of impo_rtant metz_;ll_lic superconductorg. Al-
ductor o-MoRuP. Based on this structure, first—principlestho,ngh the superconducting transition temperatures in the
electronic structure calculations were carried out and com] 1 X family are much lower than that of the much cel-
pared with results of a similar calculation of the isostructuralebrated MgB with aT.=39.5 K, the existence of many iso-
0-ZrRuP. Our results indicate that the key elements of thétructural members and the possibility of forming sollq solu-
difference inT, are the different values in the DOS at the tions among them offer a much better opportunity for
Fermi level. It is demonstrated that using structural datd)ararr_\eter_ variations that could result in the further increase
alone in past analyses of superconducting properties in marff Tc in this class of compounds.

TT' X superconductors is not sufficient. A initio calcula-

tion is necessary for understanding the electronic structure

and bonding in these alloys. Further elucidation of the super- ACKNOWLEDGMENTS
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