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The ThCr,Si,-type compounds M Ru,P, (M = Ca, Sr, Ba, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Yb), MOs,P, (M = Sr, Ba, Eu), and MRu,As, (M = Ca, Sr, Ba, La, Eu) were prepared by sintering
techniques and/or by reaction of the elemental components in a tin flux. The crystal structures of
SrRu,P, and LaRu,P; were refined from single-crystal diffractometer data to residuals of R = 0.019
(224 structure factors, 11 variable parameters) and R = 0.028 (510 F’s, 11 variables), respectively.
LaRu,P,; is diamagnetic and becomes superconducting at 4.1 K. No transition to a superconducting
state was observed down to 1.8 K for the compounds M Fe,P, (M = Ca, Sr, Ba, La), MRu,P, (M = Ca,

Sr, Ba, Y), and MOs,P, (M = Sr, Ba).

Introduction

Ternary rare earth transition metal sili-
cides and germanides with ThCr,Si, struc-
ture (/) have been known for more than
twenty years (2, 3). A recent survey (4) lists
almost 200 rare earth transition metal sili-
cides and germanides with this structure
type. The first corresponding phosphides
and arsenides were prepared much later
(5). Up to now some 50 rare earth metal
nickel (6, 8), palladium (7, 9), cobalt (10),
and iron (/0) phosphides and arsenides with
this structure were reported.

ThCr,Si,-type compounds have attracted
much interest in recent years. Several of
these show a variety of unusual combina-
tions of physical properties, which are con-
nected with the intermediate, fluctuating,

* Dedicated to Professor Albrecht Rabenau on the
occasion of his 65th birthday.
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or mixed valency of cerium, europium, or
ytterbium in these compounds, e.g.,
EuCu,Si, (11-14), EuPd,Si, (15, 16), Yb-
CU2Si2 (12, 14), CCCUZSIZ (14, 17, 18),
CeRh,Si, (19-22), EuNi,P, (6, 23-28), and
EuPd,P, (7, 29-32). Besides the ‘‘heavy
fermion’’ superconductor CeCu,Si;, sev-
eral compounds of the nonmagnetic rare
earth metals yttrium, lanthanum, and lute-
tium with ThCr,Si, or the closely related
CaBe,Ge; structure were found to be super-
conducting, e.g., LaPd,Ge,, YbPd,Ge,,
and LaPt,Ge, (33), Lalr,Si, (34), YRh,Si;
and LaRh,Si, (35, 36), LaRu;Si; and
LuRu,Si, (36), YIrSi; (37), and Lalr,Ge,
(38).

We report on new ThCr;Si;-type phos-
phides and arsenides with ruthenium and
osmium as the transition metal component.
Of these LaRu,P, becomes superconduct-
ing at 4.1 K, the highest superconducting
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transition temperature reported so far for
ThCr,Si-type compounds. A preliminary
account of this work was given before (39).

Sample Preparation

The starting materials were as follows.
Most alkali earth and rare earth metals
were purchased in the form of filings or
powders (40 mesh) with nominal purities of
m2N35 (Ca, Y) or m3N (all lanthanoids). Fil-
ings of strontium and barium were prepared
from ingots (m2N5) under dried paraffin oil.
The filings of the alkaline earth and the light
lanthanoids were kept under oil. Prior to
the reactions the oil was washed away by
repeated treatments with n-hexane which
had been dried with sodium. The remaining
n-hexane was evaporated under vacuum;
iron filings were removed by a magnet.
During these procedures the filings were
not exposed to air. Ruthenium and osmium
were in the form of powders (m3N, 60
mesh), red phosphorus was ‘‘electronic
grade”’ (Hoechst-Knapsack), and arsenic
and tin were from Merck (‘‘rein’’). The ar-
senic was purified by fractional sublimation
prior to the reactions.

The ruthenium-containing phosphides
were prepared in two ways. With the ex-
ception of BaRu,P, all of them could be pre-
pared by the tin flux method. The starting
ratios M:Ru:P:Sn varied between
1:2:2:5,1:2:2:20, and 3:2:2:15. The
samples were slowly heated (50°C/hr) to
880°C, kept at this temperature for about 2
weeks, and quenched to room temperature.
After dissolving the tin-rich matrix, binary
ruthenium phosphides were frequently ob-
served as by-products, indicating that ther-
modynamic equilibrium had not been ob-
tained. This can be avoided by using
prereacted finely ground RuP as a starting
material. In samples with low M content we
have observed RusSn; (40) as a by-product.

The other preparation procedure is the
direct reaction of stoichiometric mixtures

of the elemental components in evacuated,
sealed silica tubes. The samples were
slowly heated (50°C/hr) to 880°C, kept at
this temperature for about a week, slowly
cooled (5°C/hr) to 700° or 600°C, and
quenched. The resulting products fre-
quently contained second and third phase
material of which the ternary compounds
with PbFCI structure are noteworthy (39).
Better results were achieved by subse-
quently grinding the samples to a fine pow-
der under argon and annealing the cold-
pressed pellets for another week at
temperatures between 800° and 1150°C.
The higher temperatures were needed for
the osmium-containing samples.

Properties

The products prepared by the tin flux
method were well crystallized with pris-
matic crystals of up to 0.5-mm edge
lengths. The other samples were microcrys-
talline. The powders were black and not
sensitive to air. Energy-dispersive fluores-
cence analyses of several samples in a scan-
ning electron microscope showed no for-
eign elements in the ThCr,Si>-type crystals.
The detection limits for tin and silicon were
estimated to be less than 0.3 and 1.0 at.%,
respectively.

The Guinier powder patterns showed the
tetragonal body-centered ThCr,Si,-type
structure. As an example, the evaluation of
the pattern of BaOs,P; is shown in Table 1.
In no case did we observe the primitive su-
perstructure reflections typical for the
closely related CaBe,Ge; structure (42).
For the compounds MRu,As;, where the
superstructure reflections would be weak,
because of the relatively small difference in
the scattering power of ruthenium and arse-
nic, we carefully compared the observed in-
tensities with those of the calculated pat-
terns for the ThCr,Si,- and CaBe,Ges-type
structure. There was clearly better agree-
ment for the ThCr,Si,-type structure. The
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TABLE 1
PowDER PATTERN OF BaOs,P, wiTH ThCr,Si,
STRUCTURE*

hkl Q. Qo I. I,
002 269 270 54 Vs
101 684 684 10 m
004 1076 1077 33 Vs
103 1222 1222 22 m
110 1233 1234 7 w
112 1502 1499 100 vs
105 2297 — 5 —
114 2309 2308 20 S

006 2421 2423 2 w
200 2465 2464 35 vs
202 2734 2734 12 m
211 3149 3149 3 w
204 3542 3539 27 S

116 3654 3653 38 Vs
213 3687 3687 9 m
107 3912 3913 1 vw
008 4305 4304 7 m
215 4763 4764 4 w
206 4887 4887 3 w
220 4931 4927 14 m
222 5200 5200 5 m

4 The pattern was recorded with a Guinier camera
with CukK,, radiation. For the calculated pattern (41)
the positional parameters of SrRu,P, were assumed.
The Q values are defined by Q = 100/d? (nm~2).

lattice constants were refined by a least-
squares treatment using a-quartz as a stan-
dard (@ = 0.49130, ¢ = 0.54046 nm). They
are listed in Table II together with those
obtained in an independent study (43) of
some of these compounds.

Magnetic susceptibility measurements
for LaRu,P, carried out with a Faraday bal-
ance at room temperature showed
diamagnetism with a susceptibility of x =
—50 x 107% cm? mole.

Superconducting critical temperatures
were determined by ac induction measure-
ments. Several samples of LaRu,P, were
measured. They became superconducting
with an onset temperature of 4.1 K, a tran-
sition width of 0.5 K, and the maximum at
3.9 K. No superconducting transition down

to 1.8 K was found for the ThCr,Si,-type
compounds M Fe,P, (M = Ca, Sr, Ba) (4¢4),
LaFe,P, (10), MRu,P, (M = Ca, Sr, Ba, Y),
SrOs,P,, and BaOs,P;.

Structure Refinements of SrRu,P; and
LaRusz

Single crystals of SrRu;P, and LaRu,P;,
grown in the tin flux, were examined in a

TABLE II
CeLL DIMENSIONS OF ThCr,Si,-TYPE COMPOUNDS*

Compound 4 (pm) ¢ (pm) cla Vv
(nm?)
CaRu,P, 404.8(1) 977.3(1) 2.414  0.1601
CaRu,P,* 404.6(1) 977.1(2) 2.415  0.1600
SrRu,P, 403.2(1) 1112.2¢(1)  2.758  0.1808
SrRu,P,? 403.3(1) 1113.52) 2.761 0.1811
BaRu,P, 403.1(1) 1206.2(2) 2.992  0.1960
BaRu,P,? 402.9(1) 1206.4(2) 2.994  0.1958
YRu;P, 403.0(1) 954.5(1) 2.368  0.1550
LaRu,P, 403.1(1) 1067.5(5) 2.648 0.1735
CeRu,P, 404.2(1) 1013.4(1) 2.507  0.1656
PrRu,P, 404.8(1) 997.4(1) 2464 0.1634
NdRu,P, 404.6(2) 987.4(6) 2.440 0.1616
SmRu,P, 403.5(1) 968.2(7) 2.400 0.1576
EuRu,P, 403.0(1) 1078.5(3) 2.676  0.1752
EuRu,P,? 402.9(1) 1077.2(2) 2.674 0.1749
GdRu,P, 403.4(1) 963.4(2) 2.388  0.1568
TbRu,P, 402.8(1) 957.82) 2.378 0.1554
DyRu,P, 402.4(1) 953.6(3) 2.370  0.1544
HoRu,P, 402.3(1) 949.9(2) 2361  0.1537
ErRu,P, 402.2(1) 946.3(2) 2.353  0.1531
YbRu,P, 402.6(1) 946.3(2) 2.350 0.1534
SrOs,P, 403.5(1) 1128.3(2) 2.796  0.1837
BaOs;P, 402.8(1) 1219.3(2) 3.027 0.1978
EuQOs,P, 403.7(1) 1089.1(2) 2.698  0.1775
CaRu,As; 417.3(1) 1029.3(3) 2.467 0.1793
CaRu,As,? 417.4(1) 1030.3(2) 2.468 0.1795
SrRu,As,; 416.8(1) 1117.92) 2.682  0.1942
SrRu,As,? 416.9(1) 1118.7(2) 2.683  0.1944
BaRu,As; 415.2(1) 1223.8(3) 2.947 0.2110
BaRu,As,?  415.2(1) 1223.5(2) 2947 0.2109
LaRu,As; 418.0(1) 1062.3(2) 2.541 0.1856
EuRu,As, 416.7(1) 1077.8(3)  2.587 0.1871
EuRwAs,?  417.5(1) 1077.2(2) 2.580  0.1878

2 Standard deviations in the position of the least sig-
nificant digit are given in parentheses.
b Data from Ref. (43).
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TABLE III
AToMIc PARAMETERS OF SrRu,P; aND LaRu,P,*

I4/mmm Occupancy X y z Uy =Uyp Uy B,

SrRusz

Sr 2a 1.018(4) 0 0 0 0.0099(2) 0.0075(3) 0.00719(7)

Ru 4d 1 0 3 b 0.00405(7) 0.0084(1) 0.00433(3)

P de 0.994(7) 0 0 0.3529(1) 0.0059(3) 0.0073(5) 0.0050(1)
LaRusz

La 2a 0.997(2) 0 0 0 0.00688(5) 0.00537(7) 0.00518(2)

Ru 4d 1 0 3 1 0.00354(4) 0.01029(9) 0.00457(2)

P 4e 0.947(7) 0 0 0.3593(1) 0.0055(2) 0.0068(3) 0.00468(9)

@ The anisotropic thermal parameters are defined by exp[—2n2 (h%a**U,; + + - -)]. In this structure the parame-

ters Uy, Ujs, and Uy are all equal to zero. The last column contains the equivalent isotropic thermal parameter B
(nm?). Standard deviations in the position of the last digit are listed in parentheses.

Weissenberg camera. They had the Laue
symmetry 4/mmm and the body-centered
extinctions typical for the ThCr,Si, struc-
ture (/). Intensity data for the two com-
pounds were collected from elongated pris-
matic crystals with maximal extensions of
about 0.2 mm in an automated four-circle
diffractometer with graphite-monochroma-
ted MoK, radiation, a scintillation counter,
and a pulse-height discriminator. Back-
ground counts were measured at both ends
of each 6-20 scan and empirical absorption
corrections were applied from psi scan
data. For the SrRu,P, data an additional
spherical absorption correction was utilized
to obtain reasonable thermal parameters.
For SrRu,P; (with the data for LaRu,P; in
parentheses) a total of 1527 (6676) intensity
data up to 26 = 90° (140°) were recorded in
one-half (all) of the reciprocal space. After
averaging of equivalent reflections and
omitting those with intensities less than
three standard deviations, 224 (510) inde-
pendent reflections remained.

For the full-matrix least-squares refine-
ments scattering factors for neutral atoms
(45) were used, corrected for anomalous
dispersion (46). The weighting scheme was
according to the counting statistics. An iso-
tropic secondary extinction parameter was

refined and applied to the calculated struc-
ture factors. To check for positional disor-
der we have also refined the relative occu-
pation parameters by fixing the occupation
of the ruthenium atoms to the ideal value to
hold the scale factor. Thus, including the
ellipsoidal thermal parameters, a total of 11
variable parameters were refined for each
of the two structures. The conventional re-
siduals are R = 0.019 and R = 0.028 for the
strontium and the lanthanum compounds,
respectively. The atomic parameters are
listed in Table III and interatomic distances
in Table IV. Listings of the observed and
calculated structure factors are available
from the authors (47, 48).

Discussion

Various aspects of chemical bonding in
ThCr,Si,-type pnictides were discussed in
the past (5—10). More quantitative band
structure calculations are also available on
compounds with this structure (49-51). Ina
first approximation, the interaction of the
electropositive M atoms with the two-di-
mensionally infinite transition metal—pnic-
togen ‘‘anion’’ (Fig. 1) may be considered
as essentially ionic, i.e., La®® [RuyP2] 3.
The phosphorus atoms are isolated from
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each other and obtain oxidation number —3
(thus counting the electrons within the es-
sentially covalent Ru—P bonds as belonging
to the phosphorus atoms). As a conse-
quence the ruthenium atoms obtain oxida-
tion number +1.5 (La*? Ru*!’ Ru*!s p3
P3), i.e., a d% system. The fractional oxi-
dation numbers do not give rise to a prob-
lem in a band structure and especially not
here, since considerable metal-metal bond-
ing (Ru-Ru distances of 285.0 pm) is
present in all ThCr,Si,-type phosphides (7—
10, 49).

The diamagnetic susceptibility of
LaRu,P, shows that all spins are essentially
compensated. Its value of xex, = —50 x
10~® c¢m3/mole, however, is not small
enough to match the possible values calcu-
lated from the increments. This is true re-
gardless of which formal charges are con-
jectured for the ruthenium atoms.'
However, the superconducting transition of
this compound indicates metallic conduc-
tivity and thus the weak diamagnetism of
LaRu;P, can be rationalized by the super-
imposed Pauli paramagnetism.

LaRu;P, is the first superconducting
phosphide with ThCr,Si, structure. Of the
superconducting silicides and germanides
enumerated in the Introduction, LaRh,Si,
has the highest transition temperature with
T. = 3.9 K (35, 36). Like LaRu,P; it has 29
valence electrons per formula unit and thus
the two compounds could be isoelectronic.
This is not necessarily the case, because
the Si-Si distance in LaRh,Si, has not been
determined, and ThCr,Si,-type compounds
are known with both isolated and pair-
forming metalloid atoms (6, 49). Further-
more the body-centered ThCr,Si,- and the

! With the increments (X10-¢ in ¢m?/mole) of —20
for La’*, —36 and —29 for Ru'* and Ru?*, and the
Pascal constant of —26 for P, a value of x¢,c = —137 X
10-¢ cm®/mole is obtained (52, 53). No increment for
P3- is available, however, its value would certainly be
smaller than the Pascal constant for P and thus an even
smaller total susceptibility would be calculated.

TABLE IV
INTERATOMIC DISTANCES (pm) IN MRu,P,
(M = Sr, La)
SrRu,P; LaRu,P, Ratio Sr/La
M: 8P 328.7 322.2 1.020
8Ru 343.5 334.4 1.027
Ru: 4P 231.8 232.9 0.995
4Ru 285.1 285.0 1.000
4M 343.5 334.4 1.027
P: 4Ru 231.8 232.9 0.995
1P 327.1 300.4 (1.089)
aM 328.7 322.2 1.020
(Cell volume)"? 565.5 557.7 1.014

2 All distances shorter than 350 pm are listed. Stan-
dard deviations computed from those of the lattice
constants and the positional parameters are all less or
equal to 0.3 pm. In the last column the ratios of the
bond lengths of the Sr and La compounds are listed.

primitive CaBe,Ge,-type structures are dif-
ficult to distinguish from powder diffraction
patterns. Actually in the case of Lalr,Si;
(34), it is the quenched high-temperature
modification with CaBe,Ge, structure
which becomes superconducting below 1.6
K, while the carefully annealed samples
with the low-temperature ThCr,Si;-type

FiG. 1. Crystal structure of MRu,P, compounds
with the tetragonal ThCr;Si; structure. The near-
neighbor interactions within the essentially covalently
bonded ruthenium phosphorus poly-‘‘anion’’ are em-
phasized by thick lines.
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Fi1G. 2. Cell volumes of ruthenium and osmium compounds with ThCr,Si, structure as compared to
the cell volumes of the corresponding palladium compounds.

structure are not superconducting at all
downto 1 K.

In Fig. 2 we have plotted the cell vo-
lumina of the ternary ruthenium and os-
mium phosphides and arsenides. It can be
seen that the cell volume of EuRu,P, far
exceeds that of the other corresponding
lanthanoid ruthenium phosphides. Thus, in
agreement with its magnetic behavior (43),
europium is probably purely divalent in the
ruthenium phosphides. The situation is
more complicated for EuPd,P,, where the
cell volume (7), the europium Lj;-edge X-
ray absorption spectrum (32), and the pho-
toemission from the europium 3d core level
(31) suggest mixed valence, while magnetic
susceptibility measurements (29), the 'Eu
Méossbauer isomer shifts (29, 30), and the
photoemission of the 4f shell (3/) indicate
divalent europium. The interpretation of
these seemingly contradictory results is dif-
ficult and outside the scope of our paper.
However, in view of the suggestion that in
compounds with ‘‘divalent’” europium the
4f states may strongly participate in the for-
mation of the valence bands (29, 30), thus

reducing the cell volume, an unambiguous
definition of the term ‘‘valency’’ is needed.
The volume plots (Fig. 2) suggest that ce-
rium in CeRu,P, and CePd,P; is essentially
trivalent. The cell volumina of LaRu,P, and
LaPd,P, seem to be inconsistent with re-
spect to the corresponding compounds with
the heavier rare earth elements. With re-
spect to the corresponding lanthanoid
nickel phosphides (6), the cell volume of
LaRu,P; seems to be somewhat too large,
while that of LaPd,P, is somewhat too
small. Such differences are well outside the
error limits of the determinations of the lat-
tice constants. They may be due to slight
deviations from the ideal composition.
The cell volume of SrRu,P; is larger than
that of LaRu,P,. A comparison of the inter-
atomic distances shows, as expected, that
the distances from the Sr atoms to its neigh-
bors are larger than the corresponding dis-
tances of the La atoms (Table IV). The Ru—
Ru distances are the same in both
compounds, while the Ru—P distances are
slightly larger in the La compound. This
may be taken as an indication that the addi-
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tional valence electron of the La atoms is
filling a band which is antibonding with re-
spect to the Ru~P interactions. The Ru-Ru
(284.9 pm) and Ru-P (231.9 pm) distances
of EuRu,P, (43), where Eu is divalent as
discussed above, are the same within 0.2
pm as those of SrRu,P;.
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