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This paper presents the synthesis, identification, and characterization of three novel phases in the ternary system
Sm-Co-Ga: SmCoGas (tP7, HoCoGas type, tetragonal PA/mmm, Z = 1, a= 4.2419(3) A, and ¢ = 6.8559(5) A),
Sm,CosGays (tP23, tetragonal PA/mmm, Z =1, a = 6.0620(5) A, and ¢ = 11.1495(9) A), and SmCoGa, (0C24,
YNiAl, type, orthorhombic Cmem, Z = 4, a = 4.1246(6) A, b = 15.608(2) A, and ¢ = 6.4556(9) A). The structure
of SmCoGas was obtained from a multiphase X-ray powder Rietveld refinement whereas the crystal structures of
the other two phases were determined from single-crystal X-ray analysis. Electronic structures were calculated for
all phases by first-principles DFT methods. The atomic arrangements and bonding are discussed on the basis of
the partial anionic networks involving Co and Ga atoms, and a strong structural correlation is observed between
SmCoGas and Sm,CosGaye. The latter, which displays paramagnetic behavior, has a resistivity of 4.2 uQ-cm at

3 K and undergoes a superconducting transition at 2.8 K.

Introduction

Recently, a new class of actinide-based superconductor
has been discovered. The compound PuGalzplays a very
high critical temperaturg. = 18.5 K that increases to 22 K
under pressur&? It has been described with an unconven-
tional antiferromagnetically mediated superconducti¥/tyt
the superconducting mechanism is not completely elucidate
and still raises debafe? Noteworthy is the phonon-mediated
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conventional superconductivity that occurs in the same
temperature range, at 18 K for p8n and 39 K for MgB.
Attention was also paid to other potential actinide compounds
of the PuCoGafamily that crystallize in the HoCoGdype
structure’® The physics and the chemistry of Ce-based
intermetallic compounds have been extensively studied, and

gmore than 200 papers were published last year. The CeMIn

(M = Co, Rh, Ir}*12 family is a special class among the
heavy-fermion (HF) materials that has considerably advanced
the knowledge of the interplay between superconductivity
and magnetism.These compounds, which show magnetic
ordering and unconventional superconductivity at low tem-
peratured?!are considered of great interest because they
present the opportunity to study the competition or the
coexistence of the two mechanisms.
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We were especially interested in focusing on the system ference device magnetometer MPMS XL7, in a temperature range
Sm—Co—Ga and in searching for the compound SmCeGa of 1.8-300 K and in a field range of -07 T. The temperature-
This work was motivated by the fact that Sm, with an dependent susceptibility was measured using the ac procedure. The

electronic configuration and chemical properties close to sample was cooled to 1.3 K under zero magnetic field and measured
those of Pu, is a much more accessible element. A look atfrom 1.8 to 300 K (zero-field cooled, ZFC). The field-cooled (FC)

the previous literature indicates that this S@o—Ga ternary n:)iﬁlgemems were performed with an applied field during the
system is very complex since 18 phases have been reporte& j

. . It was impossible to prepare SmCoGes a pure compound by
from the Sm-Co—Ga phase diagrathand collected in the the arc-melting of a mixture of the elements either taken strictly in
Pearson crystal structures handbédk.

the appropriate proportions or with an excess of Ga to compensate
) ) for its loss by evaporation. The other method used to prepare
Experimental Section SmCoGag consisted of alloying the binary compounds of CgGa
One incentive for the investigation of ternary phases with Sm and SmGa These had been first prepared from the elements in Ta
and Co stems from the existence of numerous stable compoundstubes by high-temperature melting (note that in the-3a binary
five in Sm—Ga and eight in SmCo binary systems whereas only SMGa represents a specific composition inside the sirghex-
one has been found in the EGa systent’ Although Ga has a  agonal phase domain that ranges from SgiG&mGa).**Once
very low melting point (303 K), a property which makes it an _pr(_apared, 'the two blnary_ products were finely ground, mixed
excellent medium for flux syntheses, alloying it with elements Sm intimately in a 1:1 proportion, pressed into a pellet, and then arc-
and Co that melt respectively at 1345 and 1768 K requires high Melted. The resulting chunk appeared rather homogeneous under
temperatures that are hardly affordable in classical furnaces. In arc-& Microscope, but after it was broken into small pieces, no single-
melting, a major problem is the weight loss in elements that have crystalllr_1e materla] could be |solated.'The X-ray dlf'fracthn powder
the lowest boiling points; this loss can be more or less reduced by Pattem lines were indexed on the basis of a large proporti&0%o)
properly adjusting the intensity of the electrode. Although many ©f the compound SmCoGaa small amount of SmCoGaand a
of our high-temperature furnace and arc-melting experiments have Monoclinic impurity of unknown composition. The powder pattern
given nonhomogeneous products, we at last succeeded in preparind/@S clear and precise enough to allow the Rietveld refinement of
the hitherto unknown SmCoGaSmCoGa, and SmCo:Gas mCoGain the same space group4/mmn) as that of PuCoGa
compounds and in determining their crystal structures. X-ray Analysis. X-ray powder patterns were recorded on a
As revealed by the X-ray powder pattern, a typical high- Philips_analytical X'pert diffractome_ter quipped with a Cu tube,
temperature (1373 K) alloying of the elements in the atomic ratio & Nybrid monochromator (parabolic multilayer mirror and two-
of 1:1:5 inside Ta tubes filled with Ar yielded a mixture of the ~Crystal monochromator, Cud ;radiation,A = 1.5405 and 1.5443
binary compounds: CoGaCosSm, CaSm, and GgSm. After that, A), and the Xcelerator detector.
the product was finely ground, pressed into a pellet, and then arc-  Single crystals were selected under a microscope, placed at the
melted. The resulting roundish ingot exhibited a few tiny single tip of a glass fiber, and then mounted on the Xcalibur CCD (Oxford
crystals on its surface, and they were characterized by energy_DiffraCtion) four-circle diffractometer for intensity measurements.
dispersive X-ray analysis (EDX) as SmCqoGam/Co/Ga ratio of The single-crystal structures were solved and refined with the
0.170(2)/0.165(2)/0.661(3); chemical standards are Co, GaAs, andProgramsSHELXS 9% and SHELXL 97** and Rietveld analyses
SmGasO12). The structure of the compound was determined from Were carried out using the progrdrhiiPM-Rietica®” Single-crystal
single-crystal X-ray intensity measurements. refinement data for SigE0:Ga;¢ and SmCoGaare collected in
The same reaction from the composition ratio of 1:1:5 was 1able 1 whereas Tables-Z contain the fractional atomic positions,
monitored in the classical furnace at the higher temperature of 1573€duivalent isotropic thermal displacement parameters, and selected
K and was then followed by slow cooling. The resulting product Pond distances for SmCo&e&mCosGays, and SmCoGa
appeared fairly homogeneous and well crystallized; the powder Calculation Methods. DFT calculations of the electronic
pattern was indexed on the basis of one major component gf Sm  Structures were performed using the gradient-corrected GGA-PW91
CosGas and small amounts of the side compounds of Syl exchange and correlation functioffalat the spin-unrestricted
CoGa. The structure of SgCo:Gas was also determined from  (polarized) level.
single-crystal X-ray intensities, and it agrees with the chemical EDX ~ The program CASTEP uses plane-wave basis sets to treat
analysis (Sm/Co/Ga ratio of 0.176(2)/0.137(2)/0.687(3)). valence electrons and pseudopotentials to approximate the potential
Regular-shaped crystals of gom;Gas Wwere chosen for electrical
resistivity measurements using a standard four-probe method in the(18) Yatsenko, S. P.; Semyannikov, A. A.; Semenov, G. B.; Chuntonov,
cryostat of a vibrating sample magnetometer (VSM) from Oxford ;) ';,‘eﬁ‘é gJ" J"eislrﬁr?qg}mgn '\Sgﬁﬁ Sf" Lless5s'-c ommon Me1981, 81
Instruments, and measurements were performed in the range-of 1.6 33.
300 K with zero field under atmospheric pressure. Magnetic (20) Sheldrick, G. M.SHELXS 97 A Program for Crystal Structure

; ; ; ; _ Determination; University of Gtingen: Gitingen, Germany, 1997.

properties were measured using a superconducting quantum |nter(21) Sheldrick. G. M.SHELXL 97 A Program for Refining Crystal
Structures; University of Gtingen: Gitingen, Germany, 1997.

(14) Petrovic, C.; Movshovich, R.; Jaime, M.; Pagliuso, P. G.; Hundley, (22) Hunter, B. A.; Howard C. LJ.HPM-Rietica: A Computer Program

M. F.; Sarrao, J. L.; Fisk, Z.; Thompson, J. D.; MonthouxiBrophys. for Rieteld Analysis of X-ray and Neutron Powder Diffraction

Lett. 2001, 53, 354. Patterns version 1.7.7; ANSBTO, Lucas Heights Research Labora-
(15) Sichevich, O. M.; Grin, Y. N.; Yarmolyuk, Y. FRuss. MetallEngl. tories: Menai, Australia, 1998.

Transl 1989 2, 198. (23) Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson,
(16) Villars, P.; Calvert, L. DPearson’s Handbook of Crystallographic M. R,; Singh, D. J.; Fiolhais, ®Rhys. Re. B: Condens. Matter Mater.

Data for Intermetallic Phase2nd ed.; ASM International: Materials Phys.1992 46, 6671.

Park, OH, 1991. (24) Payne, M. C.; Teter, M. P.; Allan, D. C.; Arias, T. A.; Joannopoulos,
(17) Massalski, T. IrBinary Alloy Phase Diagram<nd ed.; Massalski, J. D.Rev. Mod. Phys1992 64, 1045.CASTEP is distributed inside

T. B., Okamoto, H., Subramanian, P. R., Kacprzak, L., Eds.; ASM the commercial pack: Materials Studio version 3.1.0; Accelrys, Inc.:

International: Materials Park, OH, 1990. San Diego, 2004.
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Table 1. Crystallographic Refinement Data for $60:Gas and

SmCoGa

empirical formula
fw

cryst syst

space group

unit cell dimens (A)

V (A3)
z

density

abs coeff (mm?)

F(000)

cryst size (mr)

6 range for data
collection (deg)

reflns collected

independent refins

completeness (%)

refinement method

data/restraints/params

GOF onF?

final indices | > 20(1)]2

indices (all data)

largest diff peak
and hole (eA—3)

SnCoGage
473.43
tetragonal
P4/mmm
a=6.0620(5)
b = 6.0620(5)
c=11.1495(9)
409.72(6)

1

7.675

42.768

825

0.25x 0.14x 0.06
3.36-32.32

6873

47R(int) = 0.0441]

96.1

SmCoGa
488.17
orthorhombic

cmcm

a=4.1246(6)
b= 15.608(2)

c = 6.4556(9)
415.6(1)

4

7.802
43.129
851
0.14x 0.09x 0.08
4.10-32.24

3511
423 R(int) = 0.0432]
95.1

full matrix least squaresren

474/0/28
1.328
0.0262
0.0626
0.0273
0.0630
2.017+2.011

423/0/24
1.203
0.0269
0.0562

0.0352
0.0580
1.891/-1.939

AR1L =3 (|Fo| — [Fel)/3|Fol, WR2 = [F[W(Fo? — FAV[TW|Fo?)Z*2.

Results and Discussion

Structural Comparison of Compounds SmCoGg and
SmyCo3Gazs. SMCoGa. Despite the presence, as impurities
in the product, of SmCoGadescribed below and an
incompletely characterized monoclinic phaae<7.822 A,
b= 7.051A c=6.169 A B = 99.08), a three-phase
Rietveld refinement of the experimental X-ray powder pattern
(Figure 1) was successfully achieved for SmCeGaf
HoCoGa type) in the tetragonal space groBg/mmm(R,
= 1.36%,Rup = 2.03%,Rgragg = 4.64%, GOF= 3.35). The
refined unit cell parameterss = 4.2419(3) A andc =
6.8559(5) A, are on the order of those reported for the
isostructural compounds RCo66R = Y, Gd—Tm, Lu,
Pu)110:30The specific internal Gat coordinate converged
to 0.303 and is consistent with the value of 0.312 reported
for the isostructural PuCoGaompound § = 4.232 A and
c=6.786 A).

In this structure (Figure 2), the Gal atoms are disposed at
the vertices of a flattened cube of which the face (001) is
capped by the Ga2 atom and the face parallel to (110) is
capped by a Co atom. The three-dimensional (3D) network
is built essentially through short CeTal (2.5142 A) and
relatively long GatGa2 (2.969 A) bonds. The Sm atom,
8-fold coordinated (2.969 A) to Gal and 4-fold coordinated

field of ion cores. We used the ultrasoft pseudopotentials (USPPs) (2 999 A) to Ga2, sits at the center of a quasi-regular

generated for each element according to the Vand&bitheme,
which allows calculations to be performed at a lower energy cutoff
than when norm-conserving pseudopotentials are used. As usualb
for transition elements, a partial core-corrected USPP was used for
Co. Since high-lying shallow-core Sm 5s and 5p orbitals may

cuboctahedron of Ga.

The isostructural compound CeCelmas described on the
asis of such cuboctahedtahat constitute also the cubic
3D Celry compound (AuCettype structuré'). The cuboc-

hybridize with 5d and 4f orbitals, ultrasoft pseudopotentials treat {@hedra that contain the f elements are fused to each other
them as valence states. The inner 3d levels of Ga were alsoby sharing faces to form a two-dimensional (2D) network

considered as valence states. The kinetic cutoff energies were sefCelng] parallel to theab plane while the layer [Colh forms
at 330 or 380 eV (medium or fine quality). We used a density- parallelepipeds sharing edges and fused to the daywer

mixing schem& and a Monkhorst-Pack uniform gfidof automati-
cally generated points; in any case, the spacing between the grid

points in reciprocal space was taken at less than 0.05 A

The program DMOE 28 uses numerical basis sets (DND, double space groupP4/mmm with a = 6.0620(5) A andc =
numerical and a polarization d function). For Sm, thé5p1f665
electrons were treated as valence electrons and core electrons were. 1 33 At first sight, there is a strong correlation between

replaced by a density functional semicore pseudopotential that
introduces some degree of relativistic effect. Single effective

potentials were also used for Co and Ga atoms.

The ADF-BAND program?® uses numerical atomic orbitals in
addition to Slater-type orbitals to get an even better description
with only a limited number of basis functions. Doul@dunctions
were used for Co and Ga whereas a triplbasis set augmented

through square faces.

SmyCosGaye. The tetragonal structure of S@0;Gae
(Figure 3) was solved using X-ray single-crystal data, in

11.1495(9) A, and refined to R1 (WR2) 2.62 (6.26)%, GOF

the tetragonaP4/mmmstructures of SmCoGaSmMCo:Gayg,

and the one of SpCoGa represented in Figure 4. Work on
the series BCoGa (R = Sm, Gd, Th, Dy, Ho, Er, Tm, Lu,

Y) was reported 3 decades ago. The structure olloGa

was determined from a single crystal on the basis of 122
reflection intensities collected by the Weissenberg technique

with two polarization functions was used for Sm. Scalar relativistic (P4/mmm a = 4.217 A andc = 10.97 A R(F) = 0.139).
effects were taken into account with the zero-order regular This structure is now referred to as the HoGa-type
approximation method.

(25) Vanderbilt, D.Phys. Re. 199Q B41, 7892-7895.

(26) Kresse, G.; Furthmuller, Phys. Re. 1996 B54,11169-11186.

(27) Monkhorst, H. J.; Pack, J. Phys. Re. 1977 B16, 1748.

(28) (a) Delley, B.J. Chem. Phys199Q 92, 508. (b) Delley, B.Int. J.
Quantum Chem1998 69, 423. (c) Delley, BJ. Phys. Cheml1996

100, 6107. DMOLS is distributed inside the commercial pack:
Materials Studio version 3.1.0; Accelrys, Inc.: San Diego, 2004.

structure to which SaCoGa!° (a = 4.264 A andc = 11.14
A, with no further structural determination to our knowledge)
has been claimed to beloAd.

SmyCoGae, in which the entire crystal structure of
SmCoGa can be recognized in the range o¥alues from
ca. 0.2 to0 0.8, can be described as already done for the RMIn

(29) te Velde, G.; Baerends, E. J.; Philipsen, P. H. T.; Wiesenekker, G.; (30) Hudis, J.; Hu, R.; Broholm, C. L.; Mitrovic, V. F.; Petrovic, Q.

Groeneveld, J. A.; Kootstra, F.; de Boeij, P. L.; Snijders J. G.
BAND2004.01; SCM, Theoretical Chemistry, Vrije Universiteit:

Amsterdam, The Netherlands. http://www.scm.com.

Magn. Magn. Mater2006 307, 301.
(31) Knebel, G.; Braithwaite, D.; Canfield, P. C.; Lapertot, G.; Flouquet,
J. Phys. Re. 2001, B65, 24425.
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Figure 1. Observed (data points), calculated (solid line), and difference (bottom) room-temperature X-ray diffraction powder patterag(Gu=K
1.5405 and 1.5443 A) for an alloy prepared by arc-melting of a Syi€®&a mixture, resulting preponderantly (90%) in SmCeGa

Figure 2. Representation of the SmCoganit cell (@ = 4.2419 A ancc
=6.8559 A, tetragonal space groBg/mmn). Ga—Ga contacts have been
drawn up to 3 A.

Table 2. Atomic Positional and Isotropic Displacement Parameters in
the TetragonalR4/mmn) Compound SmCoGa

Wyckoff
atom site X y z Uso (A2)
Sm I 0 0 0 0.027(1)
Col b 0 0 Y, 0.024(2)
Gal 4 0 Y,  0.3030(2) 0.044(6)
Ga2 T y, Y, 0 0.072(2)

Table 3. Selected Interatomic Distances (A) and Atom Coordinations
in SmCoGa

Col 8xGal 25142(9) Gal 2Col  2.5142(9)
Sm  8xGal  2.969(1) Gal 2Sm  2.969(1)
Sm  4xGa2  29995(1) Ga2 4Sm  2.9995(1)
Gal Gal 2.701(2) Gal 2Ga2  2.969(1)
Gal 4xGal  2.9995(1)

and RMing families (R= rare-earth element&)on the basis
of the sequential stacking of Auguand PtHg-type frag-
ments. As shown in Figure 4, the difference between R
CoGa and SmCo;Ga results from the presence of a Co

(32) Pagliuso, P. G.; Thompson, J. D.; Hundley, M. F.; Sarrao, J. L.; Fisk,
Z. Phys. Re. B: Condens. Matter Mater. Phy2001, 63, 054426.
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Figure 3. Representation of the S@0;Gaye unit cell (@ = 6.0620 A and
¢ = 11.1495 A, tetragonal space gro@g/mmm). Note that atoms have
been labeled for comparison with SmCaeGa

Table 4. Atomic Coordinates and Equivalent Displacement Parameters
in the TetragonalR4/mmn) Compound SnCo:Gass

atom  Wyckoff site X y z Uq (A2
sm 4 0 Y, 0.19458(4) 0.0079(2)
Col 2 0 Y, Y, 0.0075(3)
Co2 B 0 0 0 0.0109(5)
Gal 8 0.24972(8) 0.24972(8) 0.38553(7) 0.0112(2)
Gaza 2 y, Y, 0.1953(1)  0.0113(3)
Gaz2b 7y 0 0 0.2199(2)  0.0109(3)
Ga3 4 0.2813(1) 0.2813(1) O 0.0105(2)

@ Ueqis defined as one-third of the trace of the orthogonalidgdensor.

atom inside the [SmGhlayer. A superstructurea(= 6.062
A andc = 11.149 A) is then built from SpCoGa (a =
4.264 A andc = 11.14 A) by filling with one Co atom over
two squares of Ga within thab plane (Figure 4, middle,
top). The arising of the CeGa bond (2.412 A) induces the
shortening of the Ga3Ga3 distance from 3.015 to 2.651
A. To go back to the comparison with SmCa@aithin the
plane containing Sm, the Ga2 atom (in SmCeg)®&as given
place to Ga2a and Ga2b in Bo:Ga (Figure 3), and
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Figure 4. Representation of the tetragorf@d/mmmstructures of SaCoGg (left), SmCoGa (middle, bottom), and SiCo;Gass (right). The difference
between SHCo:Gais (a = 6.062 A andc = 11.149 A) and SaCoGa (a = 4.264 A andc = 11.14 A) arises from the presence of one additional Co atom

in the square base of the Augtype layer. A superstructure is then built (middle, top) by filling one Co atom over two squares of Ga, which induces the
shortening of the GaGa distance from 3.015 to 2.651 A.

Table 5. Interatomic Distances (A) and Atom Coordinations in represented in Figure 5 is indexed in the t®d/mmm
SmiCosGae cells @=4.264 A andc = 11.14 A;a=6.062 A andc =
Col 8x Gal 2.4945(4) Co2 4 Ga3 2.412(1) 11.149 A).
gm gi gg%a %'.%232%((%)) %‘;21 i gﬁfb 22_'295%%‘)1) Crystal Structure of S_mCoGa4. The cryst_al structure of
Sm 2x Ga2b  3.0441(3) Gal Gal 2.553(2) SmCoGa was solved in the orthorhombic space group
2’“2 ‘y gag 2-3%1141(4) gai gaSZb 5 5-2%2988) Cmcm with a = 4.1246(6) A,b = 15.608(2) A, ancc =
ngg 4§ Sr?] 3:031((5)) G§3 COZm Py 412((1)) 6.4556(9) A, and refined from X-ray single-crystal intensities
Ga2b  Co2 2.452(2) Ga3 2Ga3 2.651(2) to R1 (WR2)= 2.69 (5.62)%, GOF= 1.20. This compound
Gazb  4xGal ~ 2.828(1)  Ga3 2 Gaza  2.874(1) belongs to the YNIA] type and is isostructural with
Ga2b  4x Sm 3.0441(3) Ga3 4 Sm 3.0614(4)

SmNiGa3® and YbNiGa.3*

subsequently, the unique long distance of 2.969 A between As shown in Figure 6, the 3D network of SmCaoGaay
Gal and Ga2 (SmCo@ais split into 3.017 A (GatGaz2a) be described with alternate slabs: a nearly square 2D network
and 2.828 A (GatGaz2b). of Ga2 and Ga3, puckered by folding along the 6&a2

The comparative analysis of the interatomic distances is Square diagonal, and a corrugated 2D slab of Gal rings (boat
informative on the nature and localization of bonding within conformation) filled with Co atoms. These slabs, stacked
these compounds. In all structures, Sm is surrounded by 122l0ng theb axis, are interconnected through very shortCo
Ga atoms: eight at 2.969 A and four at 2.999 A in SmCoGa Ga2 bonds (2.308 A). The Sm atom lies within a 17-atom
and eight at 3.007 A and four at 3.020 A in SD0Ga cavity (4 Co and 13 Ga atoms). These cavities are fused to
instead of four at 3.021 A, two at 3.031 A, two at 3.044 A, each other through the sharing of 5-atom rings, forming
and four at 3.061 A in SeC0o:Gas. channels parallel to the axis.

The shortest interatomic distances involve the eight- Electronic Structure Calculations and Properties. As
coordinated Co atom, and the €6a length is 2.514 A in indicated by the electrical resistivity and magnetic measure-
SmCoGg, 2.510 A in SmCoGa, and 2.495 A in SnCos- ments on SCo;Gay, all these ternary materials would be
Gaye. In the latter, the additional Co atom (Co2) is coordi- expected to exhibit some metallic properties and magnetic
nated to six Ga atoms: four Ga3 at 2.412 A and two Ga2b moments. According to the Pauling electronegativitjes=(
at 2.451 A. In these structures, there are only a few short1.2, 1.6, and 1.8 for Sm, Ga, and Co, respectively), we might
contacts between Ga atoms along fh810direction, and reasonably assign the formal charge ® Sm whereas Co
the Gat-Gal length of 2.701 A in SmCoGis shortened  should be the most reduced element in the alloys. To gain
to 2.649 A in SmCoGa and to 2.553 A in SnCo:Gae.

With regard to SnCoGa, this superstructure gives some (33) (R;?rri%lgg V. A.; Grin, Yu.; Yarmoluk, Ya.RJkr. Fiz. Zh.1983 28
gOOd small statistical intensity reflections, havmq kwith (34) Va’sylech.ko, L.; Schnelle, W.; Schmidt, M.; Burkhardt, U.; Borrmann,

an odd value, and its simulated powder pattern (Gu) K H.; Schwarz, U.; Grin, YuJ. Alloys Compd2006 416, 35.
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Figure 5. Representation of the simulated X-ray powder pattern calculated fe€&@a;s (Cu Koy 2). The lines are indexed in the tetragofd/mmm
unit cells: a = 6.062 A andc = 11.149 A for SmC:Gass (upper ticks) andh = 4.264 A andc = 11.14 A for SmCoGa (lower ticks).

10 15 20 25 30

Table 7. Interatomic Distances (A) and Atom Coordinations in

SmCoGa

Sm Ga2 3.010(1) Sm % Gal 3.0480(7)
Sm 4x Ga3 3.1888(4) Sm 2 Co 3.230(1)
Sm Ga2 3.2889(6) Co Ga2 2.308(2)
Co 4x Gal 2.4923(7) Co X Sm 3.230(1)
Gal Co 2.376(1) Gal 2 Co 2.4923(7)
Gal Gal 2.566(2) Gal 2 Gal 2.897(1)
Gal 2xSm 3.0480(7) Gal Sm 3.304(1)
Ga2 Co 2.308(2) Ga2 % Ga3 2.8765(6)
Ga2 Sm 3.010(1) Ga2 2 Sm 3.2886(5)

Ga3  4x Ga2  2.8765(6) Ga3 4 Sm  3.1888(4)

found to be metallic instead of insulating. However, good

results may be obtained using GGA gradient-corrected

functionals in cases where spiorbit interactions have little
Figure 6. Packing within the orthorhombic structure of SmCa@amcm influence on the structural properti&sTo calculate accurate
a = 4.1246 A,b = 15.608 A, anct = 6.4556 A) approximately viewed gty ctural energie® relativistic effects have to be included
along thea axis. For clarity, only the atomic contacts less than 2.90 A are . .
drawn. in the calculations.

SmCoGa. Among the three compounds studied in this

work, SmCoGg with only seven atoms in its unit cell, is
the most computationally affordable at the ab initio level.

Table 6. Atomic Coordinates and Equivalent Displacement Parameters
in SmCoGa (OrthorhombicCmcim)

atom Wﬁ?ﬁ X y 2 Uqg(A2) A geometry optimization was first performed with CASTEP
Sm * 0 088343(4) Y 0.0085(2) (P4/mmmsymmetry-constrained, BFGS algorithm) by si-
Co 4 0 0.2242(1) Y, 0.0140(4) multaneously varying the cell parameters andzliwernal

gg; g 8 8-8%{15228; 1*/0-0512(1) 0060113%7(%) coordinate of the Gal atom. Results from spin-unrestricted
Ga3 & v, 0 o 0.0128(3) and spin-restricted calculations are compared in Table 8.

Calculated lattice constants deviate from the experimental
some insight into the understanding of these phases andvalues by less than 1.8%, and tlaecoordinate of Gal
bonding therein, we have calculated the electronic structuresdeviates by less than 3.8%. This looks good with regard to
for the three compounds. the structural parameters obtained from a multiphase powder

First-principles calculations relative to the lanthanide and refinement. However, the lattice parameters of SmGoGa
actinide compounds have been widely discussed. In thefrom the unrestricted calculation are in poorer agreement with
systems containing f elements, strong electron correlationsthe experiment than those from the spin-restricted one. This
cannot be correctly described in the framework of the
conventional DFT-LDA (LDA= local density approxima-  (35) Pickard, C.; Winkler, B.; Chen, R. K.; Payne, M. C.; Lee, M. H.; Lin,
tion) theory. Such treatment may lead to erroneous electronic 355(34\;Y2'{§'2‘?' A.; Milman, V.; Vanderbilt, [Phys. Re. Lett. 2000
properties, for example, as in the case of J®hich was (36) Soderlind, PAdv. Phys.1998 47, 959.
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Table 9. Mulliken Atomic and Spin Charges Calculated with CASTEP,
DMOL3, and ADF-BAND for the Compound SmCo&a

CASTEP DMOL ADF-BAND
atomic spin atomic spin atomic spin
charge charge charge charge charge charge

Sm 0.340 6.200 2.506 5.806 2.358  5.545

Gal 0.050 —0.020 —0.295 0.009 -—-0.338 0.006
Ga2a —0.140 —0.040 —0.649 0.001 -—-0.555 0.003
Col —0.390 -0.140 -0.675 —0.090 -—-0.451 0.009

The Mulliken atomic and spin charges obtained with the
CASTEP, DMOL3, and ADF-BAND calculations are re-
ported for SmCoGain Table 9. Note that the CASTEP
atomic charges are fairly different from those obtained with
DMOL2and ADF-BAND. In fact, the Mulliken charges and
bond populations are calculated in CASTEP following the
formalism described by Segall et®F° Due to the delocal-
ized nature of the basis states, plane waves do not give
information regarding the localization of the electrons in the
system; in contrast, the use of linear combination of atomic
orbitals (LCAQO) basis sets provides a natural way of
specifying atomic charges and bond populations. In CASTEP,
population analysis is performed using a projection of the
plane-wave states onto a localized bd%isp which the
Mulliken formalisnt! is then applied. On the other hand,
DMOL® and ADF-BAND, which incorporate relativistic
effects, together yield very comparable band structures, DOS,
spins, and atomic charges. As a consequence, the Sm 4f
Figure 7. Representation of partially polarized DOS for compound Orbitals which are found pinned at the Fermi level in the
SmCOIGt@ _C?Iculalt:dla\;\i/(i)tg (CCAASSTTEEPP)(t<t>}|f13()9 gr:g El\ll(sé(lgo;trzm)ih rlﬂa éh:t e nonrelativistic CASTEP calculation are split on both sides
Ezrr:ﬁei ?ecglsvl\;:itr?a:)nlljy spin-up density kspin charge 6.12). Sca‘I)ar relativistic of Er when using ADF-BAND and DMOE (Figure 7).
effects are introduced in the DM@®Icalculation (spin charge 5.806). SmyCosGaye. The band structure and DOS are compara-
Table 8. Comparison of Experimentally Determined (Room tively repres_ented for the two comppunds &roGa and
Temperéture) gnd CASTEPpDFT Optin%/ized Parameters of SmEmGa S_mCoGa(Flgure 8) These electronic StrUCtur_eS are Clearly
Spin-Restricted and Spin-Unrestricted Configurations different, emphasizing the more 2D nature in conduction
properties for SmCoGa(weak dispersion with no band
crossing the Fermi level along the [001] direction). The

experimental  spin-restricted unrestricted

a(d) 4.2419 4.264840.5%) 4.2888+41.1%) g . ; ,
c(A) 6.8559 6.892140.5%) 6.9799+1.8%) electronic properties look more isotropic for ZDm:Gaye
Gall(Z) v 0.3030 02.1.31’3150124{429.3%) 0-1331;350f131-8%) which, with a higher DOS at the Fermi level, appears more
o e T 318 metallic than SmCoGa Actually, as indicated by the
Co -0.02 Mulliken atomic charges given in Table 10, in 8d0;Gas
charge Gsanﬁ’Gaz 000 060215/-0'01 the positive charge on Sm is less than that in SmGa®d
Co ~056 —059 the anionic charge is more evenly distributed over the Ga
Gal/Ga2 —0.06#0.13  0.03/0.08 atoms. For both compounds, within the energy range ®f

might stem from the failure of the local spin density eV (~0.1 hartree) belovEr, the DOS are mainly governed
approximation, generalized gradient approximation (LSDA- by overlapping Co 3d and Ga 4p orbitals whereas the little
GGA) to treat correctly the strongly correlated systems with dispersed Sm 4f orbital remains practically inert.
localized 4f states (narrow bandwidth)&t However, this The electron-density differences calculated with CASTEP
discrepancy due to the strong on-site Coulomb repulsion for SmCoGg and SmCo:Gays provide a good overview of
among the 4f electrons might be corrected with the BT the electronic charge redistribution due to some interatomic
method in which a Hubbard-like term is added to the DFT ponding in the system (Figure 9). In SmCaEaD-like
Hamiltonian®” bonding within a layer perpendicular to thexis involves
The calculated electronic densities of states (DOS) indicatethe atoms Col and Gal. There is no apparent electron
that SmCoGais likely to display some metallic character
(Figure 7), and the total energy has been found to be 2.23(38) Segall, M. D.; Pickard, C. J.; Shah, R.; Payne, MM0I. Phys 1996

. . . . 89, 571.
eV/atom lower for the unrestricted (spin-polarized) config- 39) segali, M. D.; Shah, R ; Pickard, C. J.; Payne, MPBys. Re. 1996
uration. B54, 16317.
(40) Sanchez-Portal, D.; Artacho, E.; Soler, J. $blid State Commun.
(37) Petersen, M.; Hafner, J.; Marsman, M.Phys.: Condens. Matter 1995 95, 685.
2006 18, 7021. (41) Mulliken, R. S.J. Chem. Phy. 1955 23, 1833.
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Figure 9. Representation of the electron-density difference (isovalue level
0.032 eA—3) in the SmCoGa (left) and SmCosGaye (right) compounds.

The electron-density difference is obtained by subtracting the isolated atom
densities from the overall electron density.

Figure 8. Representation of band structures and total DOS calculated with
DMOLS2 for compounds SmCoGand SmCosGaye.

Table 10. Compared Mulliken Atomic and Spin Charges (DM®and

GGA-PW91)
SmCoGa SmiCo:Gae SmCoGa
atomic spin atomic spin atomic spin Figure 10. Electrical resistivity measurements for compound,Soa-
atom charge charge charge charge charge charge Gaye Using a four-probe method. The results are shown only for temperatures
Sm 2506 5806 1970 5810 2678 5830 Pelow6BK.
Gal —0.295 0.009 —0.216 —0.008 —0.442 0.013 . . . .
Ga2a —0.649  0.001 —0.489  0.010 -0.518  0.005 temperature of-17 K, denoting a slight antiferromagnetic

Col  -0.675 -0.090 -0678 -0.070  0.176  1.437 ordering. The low value of the experimental magnetic
gng :8:%2 8:822 0549 —0.009 moment compared with the computed value (close i@/6
Co2 —0.816  0.065 Sm) is expected from the large cancellation of the spin
moment by the orbital contribution, as reported for PuGd&a
density that bounds Ga2, the more reduced Ga atom, toAs pointed out in a previous study of the ternary phase
neighboring Ga atoms. Also, at the isovalue level of 0.032 SmCo;7-xGa (x = 0—7),*3 the Ga substitution for Co leads
e-A=3, no density is visible around Sm, featuring its cationic to an approximately linear decrease in the Curie temperature
nature. For compound S@0;Gas, bonding at the middle  and a rapid decrease in the saturation magnetic moment,
layer (Cot-Gal) looks like that in SmCoGain addition, which is faster than that in the case of magnetic dilution.
there is consistent bonding within the basal layers (€02 Therefore, the absence of ferromagnetism in the compounds
Ga3 and Ga3Ga3). On the other hand, there is some weak studied, which are rich in Ga, is not surprising.
bonding between these layers involving the Co2, Ga2b, and From magnetic and electrical measurements, we show the
Gal atoms that provides the structure with some degree ofevidence for bulk superconductivity in S80:Gas A
three-dimensionality. transition to zero resistance is observed near 2.8 K (Figure
Electrical and Magnetic Properties of SmCo;Gaye. Simy- 10); this value is almost co-incident with the shielding
Co;Gays is the only compound that could be prepared pure, diamagnetism observed at 3.2 K (Figure 11). The full-
and the results from the electrical and magnetic measure-shielding diamagnetism is not observed, certainly in relation
ments follow. SmMC0:Gaig presents a resistivity of 4,2Q- with the presence of paramagnetic impurities in the bulk
cm at 3 K. The resistivity reaches the value of 26®-cm sample. The discrepancy between these two values is due to
at 300 K with a linear behavior as a function of temperature a slight offset of the temperature probe in the VSM cryostat.
in the temperature range from 3 to 300 K, which is classical This temperature is very close to the value of 2.3 K found
for a rather good metal. The compound is found to be _
paramagnetic above 3.5 K, with an effective moment of 1.36 &ﬁg Sgﬁgl%'Kgﬁfﬁﬂf&T g]%SBReKh)erf%ﬁﬁgf‘ (9;?’ .I}:-Il-5A7p%(I).ll5hys.
uglunit (or 0.34ug considering one Sm atom) and a Weiss 200Q 87, 5314.
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(Ga2-Ga3: 2.8765 A). The electron-density difference map
also gives evidence of the strong polarization that the Sm
cation exerts on bonds forming the 17-vertex cage in which
it is lying.

Concluding Remarks

In this paper, we have reported the existence of three novel
compounds in the ternary system S@o—Ga. SmCoGa
() displays the same tetragonal structure as PuGaGd
SmCo;Gaye (I1) is strongly related to the SmCog3sructure,
although the orthorhombic compound SmCq@Hh ), of the
YNIAI 4 type, is quite different. The common feature of these
Figure 11. ZFC/FC magnetic susceptibility measurements for compound Compounds is that they are built from the stacking of atomic
SmyCosGage (ac mode). layers: plane SmGa and crown-CoGlar | and plane
CoGa, quasi-plane SmGa, and crown-CaGar Il. The
structure oflll is composed of corrugated layers of Ga, layers
of Sm, and corrugated layers of CoG&mMCoGa and
PuCoGa have the same tetragonal structure as the quasi-
2D HF CeColg compound that displays a superconducting
transition at 2.3 K. The properties of the latter have been
discussed in consideration of the stacking along the 4-fold
axis of monolayers of the face-sharing distorted cuboctahedra
Celns and the monolayers of edge-sharing rectangular
parallelepipeds Cohkt* In addition to their electronic
descriptions, the origin and level of superconduction in these
systems may be correlated with their geometrical features,
as for the CeMlg series**
With the most distorted cuboctahedra, CeGaimd Celrl
exhibit ambient pressure superconductivity below 2.3 and
0.4 K, respectively, whereas CeRHglin which the Celp
cuboctahedron is the most regular, is antiferromagnetic at
ambient pressure witfiy = 3.8 K, like the cubic Cely(Ty
Figure 12. Representation of the electron-density difference (isovalue level = 10 K). Interestingly, superconductivity can be induced in
0.021 eA~?) calculated for SmCoGa the latter at a very lowl, (below 200 mK) by applying a
pressure of 2.5 GPa. Now, the comparison with PuGa&a
worthy because in this compound Pu is located at the center
of a very regular cuboctahedron (quasi-perfeBm sym-
metry). The superconductivity in PuCo&avhich experi-
ences al. of 18.5 K (22 K at 16.4 GP&),arises from a
pairing mechanism either mediated by lattice vibrations with
electron pairs having no relative angular momentum (iso-
tropic sswave) or magnetically mediated (p or d wave), as
h . ) . is the case for HF materials and hidh superconductors.
conductivity should almost exclusively be driven by lattice In SmCoGa, the distortion of the SmGauboctahedron

ibration pairing. . 7
v SmICoG?all !I'r?e assumption that in these compounds Sm is roughly similar to that found for the Celicuboctahedra

bears a 3 formal charge in agreement with its lowest n CeCc_)Irgand Celrlg, suggest_ing pqssible superconducting
electronegativity is supported not only by the DFT calculation propl)srnef tt)hat Eta\'/e r:jot been mvesﬁgated because SmCoGa
but also by the magnetic measurements carried out far Sm could not be oblained as a pure phase.
CosGaus. This is very well illustrated in the electron-density ~ HOWeVer, the study of these new ternary compounds seems
difference map (Figure 12) calculated for SmCo®avhich promising if one considers the evidence for superconductivity
the Sm atom bears a 2.6¥&harge and in which the main in the SmMCo:Ga;s compound. Indeed, the close relationship
bonding involves the Co and Gal atoms (see Figure 6 for between the distortion in the local environment of the f
atom labeling). With regard to the Mulliken atomic charges €/éments (Pu in the case of PuCeJsand the value of the
(Table 10), the structure can be roughly divided into two critical temperature observed for the actinide-based com-
anionic domains, the corrugated Co/Gal layer with a mean .
atomic charge of 0.236 and the 2D square network (mean ‘% #"hOSh(’pO“'OJ“’g' E_.;kSaeral%bJ. L P‘;‘zg"b‘fo'l PF',hG '; %6%20’74'\" 0

: : ] - Ay ompson, J. D.; Fisk, Z.; Ibberson, R. Mppl. Phys.
atomic charge of 0.533) in which the bonding is weaker (suppl. 9, S895.

for the HF CeColgcompound, which displays a resistivity
of 8 uQ-cm at 3 K. The studies on the superconductivity of
PuCoGa have suggested the occurrence of unconventional
superconductivity. In such a scenario, the order-of-magnitude-
lower T, value for SmCo;Ga;s as compared with that of
PuCoGag (T, = 18.5 K) would result from a decrease in the
bandwidth in going from 5f to 4f electrons that have a greater
degree of localization. In the case of ZDa;Gays super-
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pounds was qualitatively corroborated by our results. The without protracted precautions and without any temporal
T. measured on our $180;Ga;s sample 3 K), albeit low evolution of the compounds.

compared with any technological requirement, could be
varied by considering other parameters like stoichiometry
and pressure. Furthermore, this family is based on nonra-
dioactive elements, which allow a comprehensive study 1C0700755
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