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ABSTRACT: Four series of ternary rare-earth zinc arsenides have been prepared by reaction of the elements at 750 °C:
RE,Zn, Ass forming for RE = La—Nd, Sm; and RE;Zn, ,Ass, RE¢Zn,  As, RE,Zn,  Asg forming for RE = Ce, Pr, Nd, Sm.
They crystallize in trigonal structure types in space group P3m1 with Z = 1 for RE,Zn,_,Ass and RE,Zn,_,As,, or space group
R3m1 with Z = 3 for RE;Zn,_,As¢ and RE;Zn,_,As,. Through the structural principle of intergrowing rocksalt-type [REAs] slabs
of variable thickness within a parent CaAl,Si)-type structure containing Zn-deficient [Zn,_,As, ] slabs built from edge-sharing Zn-
centered tetrahedra, these ternary arsenides belong to a homologous series with the formulation REZn,_,As, n(REAs) (n = 3, 4,
S, 6). Quaternary derivatives Ce,(Mn,Zn),_,As; and Ces(Mn,Zn),_,As, were also obtained in which Mn partially substitutes for
Zn. Band structure calculations predict that the electronic properties can be gradually modified from semiconducting to

semimetallic behavior as more [REAs] slabs are introduced.

B INTRODUCTION

Ternary and quaternary arsenides form an emerging class of
solid-state materials that have attracted wide attention for their
diverse structures and properties, including the recent discovery
of superconductivity in BaFe,As, and related compounds.' ™
Our own efforts have focused on arsenides in combination with
electropositive elements (alkali, alkaline-earth, and rare-earth
metals) and transition elements.*”'* The zinc-containing
systems are particularly rich, giving rise to complex structures
such as those of K,ZnsAs, and Sr,Zn,As,.”” Investigation of
ternary RE—Zn—As systems (where RE = rare-earth metal) has
led to discovery of many new phases: REZn,qAsy>"
RE,Zn,As,,'* REZn,As; (RE = La—Nd, Sm);® REZn,As,
(RE = La—Pr);"' REZn,As, (RE = Eu, Yb);"*™"” Eu,Zn,As,;’
and Eu,,ZnAs),."®

To make sense of the structural chemistry of these arsenides,
it has been helpful to identify the CaAl,Si,-type structure as a
prototype from which other structures can be derived and new
compounds can be targeted. The CaAl,Si,-type structure can be
regarded as a trigonal version of the more common tetragonal
ThCr,Si)-type structure, found in BaFe,As,; both types contain
[M,X,] slabs formed from edge-sharing metal-centered
tetrahedra.'”>* For example, the CaAlSi,-type structure of

-4 ACS Publications  © 2013 American Chemical Society

7261

EuZn,As, can be retained when divalent Eu is substituted by a
trivalent RE element to give RE, 5,Zn,As,, which is deficient in
RE to preserve charge balance.'* A fully stoichiometric formula
is recovered if one of the divalent Zn atoms is replaced by a
monovalent Cu atom in RECuZnAs,.>> A different aliovalent
substitution leads to alkali-metal containing compounds such as
NaZn, (TtyAs, (Tt = Si, Ge).”” The [Zn,As,] slabs in
EuZn,As, can also be interrupted with fragments of a
hypothetical “EuAs” structure containing As, dimers, resulting
in Eu,Zn,As; (Ba,Cd,Sb;-type structure).” Finally, it is possible
to imagine that such [Zn,As,] slabs can intergrow with other
types of slabs in various stacking sequences, as long as the
trigonal symmetry is maintained, similar to what has been
found in the corresponding phosphides.”*>

We report here the preparation of four new series of ternary
rare-earth zinc arsenides, RE,Zn,_,As;, REZn,_,Asq,
RE(Zn,_.As, and RE,Zn, As; (RE = La—Nd, Sm), which
belong to a homologous series with the general formula
REZn,_,As,n(REAs) (n =3, 4,5, 6). This formula reflects the
intergrowth of rocksalt-type slabs [REAs] of variable thickness
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between defect [Zn,_,As,] slabs in the parent CaAlLSi,-type
structure. Partial substitution of Mn for Zn is also possible,
resulting in quaternary derivatives RE(Mn,Zn),_,As, n(REAs).
The characterization of these structures, some of which have
very long unit cells, suggests that they may form part of a larger
family of infinitely adaptive structures, for which few examples
are known.”® Band structure calculations were performed to
identify trends in the electronic structure as the number of
rocksalt-type slabs is increased.

B EXPERIMENTAL SECTION

Synthesis. Starting materials were freshly filed RE pieces (RE =
La—Nd, Sm; 99.9%, Hefa), Zn shot (99.99%, Aldrich), and As lumps
(99.999%, Alfa-Aesar). Mixtures of the elements were combined on a
0.3-g scale in stoichiometric ratios corresponding to the idealized
formulas RE,Zn,Ass, REsZn,Ass, RE4Zn,As,;, and RE,Zn,Asg belong-
ing to the homologous Zn-deficient series REZn, ,As,-n(REAs) (n =
3,4, 5, 6). The mixtures were loaded into fused-silica tubes which were
evacuated and sealed. The tubes were heated at 500 °C for 2 d, heated
to 750 °C over 20 h, held at this temperature for 7 d, and then cooled
to room temperature over 2 d. The products were analyzed by powder
X-ray diffraction (XRD) patterns collected on an Inel diffractometer
equipped with a curved position-sensitive detector (CPS 120) and a
Cu Ko, radiation source. The title compounds generally constituted
the major phase of the product (Supporting Information, Figures S1—
S4). Completely homogeneous samples were difficult to obtain
because of the high volatility of elemental Zn as well as its binary
arsenides, which tended to sublimate to the opposite ends of the fused-
silica tubes. For a fixed RE:As molar ratio (n+1: n+2) used in the
synthesis, the powder XRD patterns did not reveal peak broadening or
splitting, which would have indicated simultaneous formation of more
than one ternary arsenide phase belonging to the homologous series.
The unit cell parameters refined from the powder XRD patterns are
listed in Table 1. All four series could be prepared for RE = Ce, Pr, Nd,

Table 1. Cell Parameters for REZn,_,As,'n(REAs) (RE =
La—Nd, Sm; n = 3, 4, 5, 6)°

compound a (A) c (A) V (A%
La,Zn,_,Asg 4.3172(2) 17.711(2) 285.88(2)
Ce,Zn,_,Asg 4.2666(5) 17.579(3) 277.13(4)
Pr,Zn,_ Asg 42619(2) 17.362(2) 273.11(2)
Nd,Zn,_,As 42437(2) 17.051(1) 265.93(2)
Sm,Zn,_ Asq 4.1926(2) 16.804(1) 255.82(2)
CesZn,_,Asg 4.2630(1) 62.861(3) 989.35(6)
PriZn,_ Asg 42426(1) 62.467(3) 973.73(6)
NdyZn,_,Ase 4.2184(1) 61.953(3) 954.76(6)
SmgZn,_Asg 4.1722(1) 61.201(3) 922.61(6)
CegZn,_,As, 42672(1) 73.583(3) 1160.38(7)
Pr¢Zn,_.As, 4.2456(1) 72.922(3) 1138.32(7)
Nd¢Zn,_,As, 4.2278(1) 72.492(3) 1122.15(7)
Sm¢Zn,_,As, 4.1733(1) 71.678(3) 1081.17(6)
Ce,Zn,_,Asq 4.2675(1) 28.018(1) 441.88(3)
Pr,Zn,_ Asg 42411(1) 27.815(1) 433.28(2)
Nd,Zn,_,Asg 4.2283(1) 27.621(1) 427.68(2)
Sm,Zn,_Asg 4.1704(1) 27.293(1) 411.09(2)

“Powder samples obtained by reaction of the elements at 750 °C.

Sm, but only the RE,Zn,_,As; series was found to form an additional
La member. Attempts made to extend the RE substitution beyond Sm
were unsuccessful under the conditions indicated above. In the course
of experiments to investigate substitution of Zn with other transition
metals in a different ternary arsenide phase REZn;As,,° crystals of the
quaternary Mn-containing derivatives Ce,(Mn,Zn),_,As; and
Ces(Mn,Zn),_,As, were obtained and identified to belong to the
homologous series presented here.
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The synthetic procedure described above did not normally lead to
sufficiently large crystals for structure determination. To promote
crystal growth, the as-prepared samples were reheated at 800 °C for 2
d, heated to 1050 °C over 20 h, held at this temperature for 7 d, slowly
cooled to 500 °C at a rate of 3 °C/h, and cooled to room temperature
over 2 d. The compositions of crystals used for the single-crystal
diffraction experiments below were determined by energy-dispersive
X-ray (EDX) analysis with a JEOL JSM-6010LA scanning electron
microscope. Several points on individual crystals were analyzed with
acquisition times of 30 s each. Although most of the results agree
acceptably with expectations (Supporting Information, Table S1),
larger deviations were noted in some samples probably because the
surfaces were irregular.

Structure Determination. Representative RE members from each
of the four series REZn,_,As,-n(REAs) (n =3, 4, 5, 6), as well as two
quaternary derivatives Ce,(Mn,Zn), ,As; and Ces(Mn,Zn), ,As,,
were chosen for structure determination. Single-crystal intensity data
were collected on a Bruker PLATFORM diffractometer equipped with
a SMART APEX II CCD detector and a Mo Ka radiation source,
using @ scans at 5—7 different ¢ angles with a frame width of 0.3° and
an exposure time of 12—15 s per frame. Face-indexed numerical
absorption corrections were applied. Structure solution and refinement
were carried out with use of the SHELXTL (version 6.12) program
package.”” Crystal data and further experimental details are given in
Table 2.

Within the RE,Zn,_ As; series, a crystal of the La member and two
crystals of the Pr member (from different batches) were examined.
The trigonal centrosymmetric space group P3ml was chosen on the
basis of Laue symmetry, systematic absences, and intensity statistics.
Direct methods led to a structural model containing 6 atomic sites and
corresponding to an ideal formula of “RE,Zn,As;”. Refinements based
on this model led to somewhat elevated displacement parameters for
the Zn site (~0.02—0.03 A?) relative to the other sites (~0.01 A?),
suggesting partial occupancy. When refined, the Zn occupancy
converged to ~0.8—0.9 and the displacement parameter was reduced
to more reasonable values, resulting in the formulas La,Zn, (1)Ass,
PryZn, ¢5(1yAss, and Pr,Zn, go(1)Ass. Because the crystals were obtained
from the loading compositions RE,Zn,As; (ie., with an excess of Zn),
we assume that these formulas correspond to the maximum Zn
content possible. With the understanding that refinements of
occupancies are sensitive to other factors (such as absorption
corrections), the similarity of the refined formulas for the two Pr
crystals implies that a significant homogeneity range in Zn is unlikely.

Structure determinations for higher members (n = 4, S, 6) of the
homologous series proceeded in a similar fashion as above. All
exhibited trigonal symmetry, with the c-parameters being very long for
the n = 4 and 5 members (up to 73 A for the latter). Structural models
were proposed by direct methods for PryZn,_ As; and Nd¢Zn,_ Asg in
space group R3ml, and for Pr,Zn, .Asg in space group P3ml.
Refinements of these models revealed again that the Zn sites were
partially occupied (~0.8—0.9). In Nd¢Zn,_,Asg there remained
residual electron density (~16 e”/A?) in the difference map which
was assigned to be a second Zn site (labeled Zn2). Because this site is
located at unphysical distances to the existing Zn site (now labeled
Znl) at ~0.9 A and to the Asl site at ~1.7 A, constraints were applied
so that the occupancies of the Zn2 and Asl sites must sum to unity
while the occupancy of the main Zn1 site was freely refined, and the
displacement parameters for the Znl and Zn2 site were set to be
isotropic and equal. The occupancies converged to 0.74(1) for Znl,
0.09(1) for Zn2, and 0.91(1) for Asl, corresponding to the formula
Nd¢Zn, 65(2)A86.83(1)- Although PrsZn,_.Ass and Pr,Zn,_,Asg suffered
from similar problems albeit to a lesser extent, refinements including
this extra site were unstable. With only one Zn site present in the
structural models, refinement of its occupancy led to the formulas
PrsZn, 73)Ass and Pr;Zn, 76(5)Asg.

The quaternary arsenides Ce,(Mn,Zn),_,As; and
Ces(Mn,Zn),_,As, were found to be isostructural to RE,Zn, ,Asg
(space group P3ml) and RE¢Zn, .As; (space group R3ml),
respectively, but with Mn atoms disordering within the Zn site. This
site was assumed to be partially occupied with a mixture of Mn and Zn
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formula La,Zn, 44(1)Ass

formula mass (amu) 1039.41

space group P3m1 (No. 164)

a (&) 4315(2)

¢ (A) 17.692(10)

V (A% 285.2(3)

V4 1

Peea (8 cm™) 6.051

T (K) 296(2)

crystal dimensions (mm) 0.04 X 0.03 x 0.03

radiation

#(Mo Ka) (mm™") 3243

transmission factors 0.425-0.534

26 limits 4.60—66.44°

data collected —-6<h<6
—-6<k<6
-26 <126

no. of data collected 4020

no. of unique data, including F,> < 0
no. of unique data, with F,> > 26(F,?)

499 (R, = 0.045)
395

no. of variables 20

R(F) for F* > 26(F )" 0.022

R, (FH)* 0.048

goodness of fit 1.04

(AP oo (AP)in (e A7) 169, =122

formula PryZn, 73(2)Asg

formula mass (amu) 126847

space group R3m1 (No. 166)

a (A) 4.246(3)

c (A) 62.49(5)

V (A% 976(1)

V4 3

Peiea (g cm™) 6475

T (K) 296(2)

crystal dimensions (mm) 0.03 X 0.03 x 0.02

radiation

u(Mo Ka) (mm™) 36.61

transmission factors 0.429—0.585

26 limits 3.92—66.30°

data collected —-6<h<6
—-6<k<6
-93<1<9%

no. of data collected 4681

no. of unique data, including F,” < 0
no. of unique data, with F,> > 26(F,%)

572 (Ryy = 0.123)
323

no. of variables 23

R(F) for F* > 26(F )" 0.036

R, (E)® 0.092
goodness of fit 0.98
(AP)maw (BP)in (e A7) 6.79, —3.44

Table 2. Crystallographic Data for REZn,_,As,"n(REAs) and RE(Mn,Zn),_,As,n(REAs) (RE = La—Nd, Sm; n = 3, 4, 5, 6)

CeyMny¢Zn, ,Asg PryZn, g5(1)Ass PryZn, go(1)Ass
1043.32 1048.06 105591

P3m1 (No. 164) P3ml (No. 164) P3m1 (No. 164)
4.288(6) 4245(2) 4.2409(7)
17.59(3) 17.385(17) 17.390(3)
280.1(7) 271.4(3) 270.86(8)

1 1 1

6.185 6.414 6.473

296(2) 296(2) 296(2)

0.05 x 0.04 x 0.03

0.04 X 0.04 x 0.03

graphite monochromated Mo Ka, 4 = 0.71073 A

0.03 x 0.03 X 0.03

33.59 36.32 36.64
0.365—0.547 0.278—0.482 0.563—0.678
4.64—66.32° 4.68—66.46° 4.68—66.50°
-6<h<6 -6<h<6 -6<h<6
-6<k<6 -6<k<6 -6<k<6
26 <127 -26 <1<26 26 <125
3873 3792 3882

489 (R;y, = 0.060)
385

475 (Ryy = 0.025)
424

479 (R = 0.039)
392

19 20 20

0.031 0.017 0.026

0.098 0.038 0.066

1.09 1.06 112

5.04, —4.24 1.55, —1.48 3.98, —1.38
CesMny4Zn, 3As; NdZn, 65(2)AS65301) PryZn, 7(2)Asg
1472.46 1486.34 1703.40
R3m1 (No. 166) R3m1 (No. 166) P3m1 (No. 164)
4.2821(8) 4.2283(14) 4.254(7)
73.620(14) 72.58(2) 27.82(5)
1169.1(4) 1123.8(6) 436(1)

3 3 1

6274 6.588 6.487

296(2) 296(2) 296(2)

0.05 x 0.03 x 0.02

0.03 X 0.03 x 0.02

graphite monochromated Mo Ka, 4 = 0.71073 A

0.03 x 0.03 x 0.02

34.11 37.94 36.60
0.214—0.359 0.328—0.506 0.464—0.569
3.32—-66.48° 3.36—66.46° 4.40—66.52°
—-6<h<6 -6<h<6 —-6<h<6
-6<k<6 —-6<k<6 -6<k<6
-111 <1 <110 —109 <1 <109 —-42<L1<42
5613 5276 6105

685 (R = 0.065)
437

658 (R, = 0.106)
358

764 (R, = 0.083)
473

25 26 29

0.029 0.052 0.038
0.072 0.158 0.109

1.06 1.02 1.04

5.57, —2.02 9.49, —4.12 5.34, —2.43

“R(F) = YIIF) = IF\l/ZIE). *R(F) = [X[w(E, = F2)*]/ ZwF,*

1% w™t = [6*(E,2) + (Ap)® + Bp], where p = [max(E,20) + 2E2]/3.

atoms in a fixed proportion according to the experimental composition
determined by EDX analyses on these crystals (Supporting
Information, Table S1), corresponding to the formulas
Ce,Mn¢Zn, ,Ass and CegMn,,Zn, 5As,.

Atomic coordinates for all structures were standardized with use of
the program STRUCTURE TIDY.° Final values of the positional and
displacement parameters are given in Table 3, and selected interatomic
distances are given in Table 4. Further data in the form of
crystallographic information files (CIFs) are available as Supporting

Information or may be obtained from Fachinformationszentrum
Karlsruhe, Abt. PROKA, 76344 Eggenstein-Leopoldshafen, Germany
(CSD-426021 to 426028).

Band Structure Calculations. Tight-binding linear muffin tin
orbital band structure calculations were performed within the local
density and atomic spheres approximation with use of the Stuttgart
TB-LMTO-ASA program (version 4.7).>' Fully stoichiometric models
La,Zn,As;, La;Zn,As;, LagZn,As,, and La,Zn,Asg; were considered
subject to these conditions: the cell parameters were taken from the
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Table 3. Atomic Coordinates and Equivalent Isotropic Displacement Parameters for REZn,_,As,n(REAs) and

RE(Mn,Zn),_,As,'n(REAs) (RE = La—Nd, Sm; n = 3, 4, S, 6)

atom Wyckoff position
Lal 2d
La2 2c
Zn 2d
Asl 2d
As2 2d
As3 la
Cel 2d
Ce2 2c
M 2d
Asl 2d
As2 2d
As3 2c
Prl 2d
Pr2 2c
Zn 2d
Asl 2d
As2 2d
As3 2c
Prl 2d
Pr2 2c
Zn 2d
Asl 2d
As2 2d
As3 2c
Prl 6¢
Pr2 6¢
Pr3 3a
Zn 6¢
Asl 6¢
As2 6¢
As3 6¢
Cel 6¢
Ce2 6¢
Ce3 6¢
M 6¢
Asl 6¢
As2 6¢
As3 6¢
As4 3a
Nd1 6¢
Nd2 6¢
Nd3 6¢
Znl 6¢
Zn2 6¢
Asl 6¢
As2 6¢
As3 6¢
As4 3a
Prl 2d
Pr2 2d
Pr3 2c
Pr4 la

occupancy

1
1
0.831(4)
1
1
1

1
1
0.29 Mn, 0.58 Zn
1
1
1

1
1
0.841(4)
1
1
1

1
1
0.902(5)
1
1
1

1
1
1
0.863(9)
1
1
1

1
1
1
0.21 Mn, 0.64 Zn

_ e

1
1

1
0.740(12)
0.086(6)
0.914(6)
1

1

1

S

x
La,Zn, g6(1)Ass
1/3
0
1/3
1/3
1/3
0
Ce,Mng¢Zn, HAss
1/3
0
1/3
1/3
1/3
0
PryZn, g5(1)Ass
1/3
0
1/3
1/3
1/3
0
Pr,Zn, go(1)Ass
1/3
0
1/3
1/3
1/3
0
PryZn, 73(2)As6

o O O © O O

0
CesMny,Zn, 3As;

o O O O O o o O

Nd5Z“1.55(2)A56.83( 1)
0

o ©O © © © © ©

0
Pr;Zn, 76(2)Asg

1/3

1/3

0

0

7264

2/3

2/3
2/3
2/3

2/3

2/3

2/3

2/3

2/3

2/3

2/3

2/3

2/3

2/3

2/3
2/3

o O O O O o O

o O O O o o o O

O O O O O O o O O

2/3
2/3

0.09975(2)
0.29977(3)
0.55099(7)
0.40622(4)
0.79675(4)
0

0.09925(3)
0.29819(4)
0.55156(11)
0.40475(8)
0.79784(6)
0

0.09923(2)
0.29815(2)
0.55201(5)
0.40398(4)
0.79808(3)
0

0.09900(3)
0.29797(3)
0.55289(8)
0.40462(6)
0.79793(5)
0

0.27792(2)
0.44433(2)
0

0.15215(5)
0.08406(3)
0.19319(3)
0.36133(3)

0.07136(1)
0.30953(1)
0.45218(1)
0.17898(3)
0.14411(2)
0.23738(2)
0.38125(2)
0

0.07125(2)
0.30960(2)
0.45222(2)
0.17918(6)
0.1681(6)
0.14380(4)
0.23755(3)
0.38119(3)
0

0.24995(3)
0.87497(3)
0.37525(3)
0

R2\a
Ugq (A)

0.0079(1)
0.0101(1)
0.0178(4)
0.0106(2)
0.0083(2)
0.0084(2)

0.0085(2)
0.0111(2)
0.0158(4)
0.0116(3)
0.0092(3)
0.0098(4)

0.0064(1)
0.0088(1)
0.0157(3)
0.0089(1)
0.0070(1)
0.0068(2)

0.0078(2)
0.0091(2)
0.0178(4)
0.0096(2)
0.0075(2)
0.0082(3)

0.0104(3)
0.0128(3)
0.0097(3)
0.0220(9)
0.0094(4)
0.0122(4)
0.0087(3)

0.0104(2)
0.0107(2)
0.0133(2)
0.0169(4)
0.0133(3)
0.0106(3)
0.0108(3)
0.0109(4)

0.0139(3)
0.0134(3)
0.0190(4)
0.024(2)"
0.024(2)"
0.0137(7)
0.0143(5)
0.0132(5)
0.0139(7)

0.0098(2)
0.0098(2)
0.0123(2)
0.0097(3)
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Table 3. continued

atom Wyckoff position occupancy 7 ¥y z U, (A%)"
PryZn, 76(2)Asg

Zn 2d 0.879(9) 1/3 2/3 0.53265(9) 0.0237(8)

Asl 2d 1 1/3 2/3 0.06291(5) 0.0097(3)

As2 2d 1 1/3 2/3 0.44056(6) 0.0130(4)

As3 2d 1 1/3 2/3 0.68541(5) 0.0099(3)

As4 2 1 0 0 0.18862(5) 0.0090(3)

“U,q is defined as one-third of the trace of the orthogonalized Uj tensor. ®Zn1 and Zn2 atoms in NdgZn, 65(2)A86,53(1) were modeled with isotropic

displacement parameters (Uj,), constrained to be equal.

Table 4. Interatomic Distances (A) in REZn,_,As,n(REAs)
and RE(Mn,Zn),_ As,n(REAs) (RE = La—Nd, Sm; n = 3, 4,
5,6)

La,Zn, g5(1)Ass CeyMny¢Zn, 5Ass

Lal—As3 (X3) 3.053(1) Cel—As3 (X3) 3.029(3)
Lal—As2 (Xx3) 3.092(1) Cel—As2 (X3) 3.067(3)
La2—As2 (X3) 3.020(1) Ce2—As2 (x3) 2.997(3)
La2—Asl (Xx3) 3.123(1) Ce2—Asl (X3) 3.105(3)
Zn—Asl 2.561(2) M-—Asl 2.582(4)
Zn—Asl (X3) 2.603(1) M—Asl (Xx3) 2.592(4)
Zn—Zn (X3) 3.076(2) M-M (x3) 3.069(4)
PryZn, gg(1)Ass PryZn,; go(1)Ass
Pr1—As3 (x3) 2.997(1) Pr1—As3 (x3) 2.993(1)
Prl1—As2 (x3) 3.032(1) Prl—As2 (X3) 3.034(1)
Pr2—As2 (x3) 2.967(1) Pr2—As2 (x3) 2.963(1)
Pr2—As2 (x3) 3.065(1) Pr2—As2 (x3) 3.072(1)
Zn—As1 (X3) 2.568(1) Zn—Asl (X3) 2.558(1)
Zn—Asl 2.573(3) Zn—Asl 2.578(2)
Zn—Zn (X3) 3.046(2) Zn—Zn (X3) 3.062(2)
PryZn, 73(2)As4 CegMng 4Zn, 3As;
Pr1—As3 (x3) 2.991(2) Cel—As3 (x3) 3.015(1)
Pr1—Asl (x3) 3.036(2) Cel—Asl (X3) 3.065(1)
Pr2—Asl (x3) 2.974(2) Ce2—As4 (x3) 3.030(1)
Pr2—As2 (X3) 3.054(2) Ce2—As3 (X3) 3.044(1)
Pr3—As3 (X6) 3.012(2) Ce3—As2 (X3) 2.992(1)
Zn—As2 (X3) 2.564(2) Ce3—Asl (x3) 3.094(1)
Zn—As2 2.565(4) M-Asl 2.567(3)
Zn—Z7n (X3) 3.050(4) M—Asl (X3) 2.585(1)
M—-M (x3) 3.066(3)
Nd¢Zn, 65()Ass3(1) Pr;Zn,; 76(2)Asg
Nd1-As3 (X3) 2.974(2) Prl—As4 (x3) 2.991(4)
Nd1-As2 (X3) 3.022(2) Pr1—As3 (x3) 3.044(4)
Nd2—-As4 (X3) 2.988(1) Pr2—Asl (x3) 3.003(4)
Nd2—As3 (X3) 3.004(2) Pr2—As4 (X3) 3.027(4)
Nd3—As2 (X3) 2.962(2) Pr3—As3 (x3) 2.980(4)
Nd3—As1 (x3) 3.038(2) Pr3—As2 (X3) 3.055(4)
Znl-Asl (x3) 2.554(2) Prd4—Asl (X6) 3.016(4)
Znl—Asl 2.568(5) Zn—As2 2.562(5)
Znl1-Zn1 (X3) 3.043(6) Zn—As2 (X3) 2.567(4)
Zn2—Asl (x3) 2.94(2) Zn—Zn (X3) 3.055(5)
Zn2—7Zn2 (X3) 2.442(2)

experimental values found for the Ce-containing members, which form
for all four series (1 = 3, 4, S, 6); atomic positions were taken from the
single-crystal structure refinements; and the RE component was
chosen to be La, to avoid computational difficulties associated with
occupied 4f orbitals. Similarly, the band structure of CaAl,Si,-type
LaZn,As, (n = 0) was calculated on the basis of the previously
reported structure of Ceyg;ZnyAs,."* Models of the hypothetical
members La,Zn,As; (n = 1) and La;Zn,As, (n = 2) were constructed
to give realistic bond lengths (La—As, 3.1 A; Zn—As, 2.6 A). The band
structure of rocksalt-type LaAs, in the cubic space group Fm3m with a
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cell parameter of 6.16 A, was also examined.*”** The basis set
consisted of La 6s/6p/5d/4f, Zn 4s/4p/3d, and As 4s/4p/4d orbitals,
with the La 6p and As 4d orbitals being downfolded. Integrations in
reciprocal space were carried out with an improved tetrahedron
method over varying k-point meshes within the first Brillouin zone
depending on the structure.

B RESULTS AND DISCUSSION

Reaction of the elements at 750 °C resulted in four new series
of ternary arsenides, RE,Zn, ,As; (RE La—Nd, Sm),
RE(Zn,_ Ass, RE¢Zn,  As, and RE,Zn, Asg (RE = Ce, Pr,
Nd, Sm), which follow the general formula
REZn,_,As,n(REAs) (n =3, 4, S, 6) and adopt trigonal crystal
structures. The corresponding Zn-deficient phosphides,
REZn, ,P,-n(REP) (n = 2, 3, 4), have also been previously
reported but are restricted to RE = La and Ce.”~>” The Zn
deficiencies in the ternary arsenides as determined from the
crystal structure refinements lead to compositions
REZn,;_, sAs,n(REAs). The phase relationships in these
RE—7Zn—As systems are complex, being characterized by the
occurrence of many ternary phases, some exhibiting several
polymorphic modifications. The n 0 member of the
homologous series would have the Zn-deficient formula
REZn, ,As, and adopt the trigonal CaAlSi,-type structure.
However, the experimentally observed phases are actually RE-
deficient, RE,4,Zn,As, (RE = La—Nd, Sm),'* or they are fully
stoichiometric when RE is divalent, as seen in EuZn,As, and
YbZn,As,.">"” Further, RE,4,Zn,As, has the same composi-
tion as REZn;As;, which adopts either a new orthorhombic
structure (for RE = La) or the ScAl;C;-type structure (for RE =
Ce, Pr, Nd, Sm).6 There do exist Zn-deficient phases
REZny¢;As, (RE = La—Nd, Sm) but they are derived from a
different ideal formula REZn, ,As, and adopt the tetragonal
HfCuSi,-type structure.”'® The recent discovery of REZn,As,
(RE = La—Pr), which is closely related to REZn,4,As, but with
thicker PbO-type slabs, suggests the emergence of a separate
branch of homologous structures based on stackings of square
nets.'' As the enumeration of the REZn,_ As,-n(REAs) series is
continued, the n = 1 member would have the formula
RE,Zn,_,As;. No such compounds are known for the early
RE metals, but fully stoichiometric Eu,Zn,As; has been
reported with an entirely different monoclinic structure
(Ba,Cd,Sb-type).” The unknown n = 3 member is predicted
to have the formula RE;Zn,_,As,, and the next member beyond
the title compounds, n = 7, would be REsZn,_ As,. We were
unsuccessful in attempts to prepare these missing members
under the same synthetic conditions as the existing ones.

The ternary arsenides crystallize in either space group P3m1
with Z = 1 for RE,Zn, ,Ass and RE,Zn,_,Asg, or space group
R3ml with Z = 3 for RE{Zn, .As; and RE¢Zn, ,As,.
Normalized to the formula unit, the cell volumes within each
series gradually decrease as expected on proceeding to the
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smaller RE metals (Figure 1a). For a fixed RE, the cell volume
increases by about 53 A* per formula unit on proceeding to

(a)

460
. 4404
=
« 420
% 400 A
™~ 1 A RE Zn, As,
= 3804 A
2 360 il
& 3404 RE.Zn. As
@ 4 o_._._‘_‘__‘_o ! 2
£ 3204 —
3 T
2 300—‘
D = RE Zn, As,
S 2801 ““».h.q_____. 4“N2.08,
1 T——n
260 e WEEY
540 1 La Ce Pr Md Sm
57 58 59 60 61 62
Atomic number, Z
(b) =5 14
X Ce 4
&"30“ X Pr ﬁ, 12
RJ’ N /
S 254 X Sm /%,/ 10
L . ©
@ / V
2 o
2 204 — X s ©
£ e o
o X 3
(1] 1]
Q 154 / REZn, As n(REAs) L6 o
Q = - -
o < =
@ — g - = g- - - - Rt
o 10 - = -4
3 .
(] X'RE, Zn.As,
e sy 707 -2
O T T T * T T T 0
0 A 2 3 4 5 5] 7
n

Figure 1. (a) Plot of cell volume per formula unit and (b) plots of cell
lengths for REZn,_,As,n(REAs). For rhomobohedral structures
(R3m1), the c-parameter is divided by 3 to permit comparison to
the primitive structures (P3m1).

successively higher members (increasing n) of the homologous
series. This cell expansion comes about through an elongation
of the c-parameter by increments of about 3.4 A (normalized
per formula unit) while the a-parameter remains relatively
constant at about 4.2 A (Figure 1b).

The crystal structure of RE,Zn, ,Ass (Figure 2) serves as a
starting point for the structural description. The As atoms are
arranged in close-packed nets which stack in the sequence
ABCBC along the c-direction. If the formula is idealized to
RE,Zn,As;, the RE atoms occupy 4/5 of the octahedral sites
and the Zn atoms occupy 1/5 of the tetrahedral sites available
between these nets. The RE-centered octahedra share edges
within the ab-plane as well as edges along the c-direction to
generate quadruple slabs [REAs], that are fragments of the
rocksalt structure (NaCl-type). The Zn-centered tetrahedra
share edges within the ab-plane to generate [Zn,As,] slabs;
with the 3-fold rotation axes of these tetrahedra aligned along
the c-direction, half point up and half point down. These
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Figure 2. Structure of RE,Zn,_As; (RE = La—Nd, Sm) highlighting
the [REAs] slabs built from edge-sharing octahedra (yellow) and
[Zn,As,] slabs built from edge-sharing tetrahedra (green).

[Zn,As,] slabs are found in the CaAlSi,-type structure which
would be adopted by the simplest member (n = 0) of the
homologous series, REZn, ,As, which also contains one
[REAs] slab. The structures of all members of the homologous
series REZn,_,As,n(REAs) are thus built up from the
intergrowth of the CaAlSi)-type structure with NaCl-type
slabs of increasing thickness (Figure 3). Writing the stacking
sequences of the As atoms can become very unwieldy, so it is
convenient to represent them in Jagodzinski notation to
differentiate between nets that are surrounded in hexagonal vs
cubic stacking (e.g, h = ABA; ¢ = ABC).>* For example, the
stacking sequence in REZn, ,Ass is hhcccce or h*c. The
Ramsdel symbol for this sequence is 21R, which emphasizes the
repeating number of nets and the lattice type (H vs R).** On
the basis of this structural principle of adding [REAs] slabs,
each with an approximate thickness of 3.4 A, it becomes
possible to predict the structural features of further hypothetical
members belonging to the homologous series (Table S). The
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Table S. Observed and Predicted Members of the
Homologous Series REZn,_,As,n(REAs)

fraction of sites

occupied
idealized space oct. by tet. by As
n formula group” RE Zn stacking c(A)
0  REZn,As, P3m1 1/2 1/2 h(2H) 7.0
RE,Zn,As,®  R3ml 2/3 1/3  Kc(9R) 104 X3 =
312
2 REZnAs,”  R3ml 3/4 1/4 1 138 X 3 =
(12R) 414
3 REZnyAs P3ml 4/5 /5 K 17.2
(8H)
4 REZn,Asq R3ml 5/6 1/6  hx* 207 X 3 =
(18R) 621
S RE¢ZnyAs, R3ml 6/7 1/7 k¢ 242 X3 =
(21R) 726
6 RE,Zn,Asg P3ml 7/8 1/8 K¢ 27.8
(8H)
7 REgZnyAsy’ R3ml 8/9 1/9 K 312X 3=
(27R) 936

“Z =1 (P3ml) or 3 (R3ml). bHypothetical compounds.

next member beyond the title compounds, REgZn, ,As, (n =
7), would be expected to have an extremely long c-parameter of
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nearly 94 A. A similar structural principle applies to the
aluminum carbonitrides Al,C;-n(AIN), in which octahedral and
tetrahedral sites are also occupied but the [AIN] slabs added in
successive members are of wurtzite—type.3’5’3'6

The bonding in these arsenides appears simple to rationalize.
The average RE—As distances within the [REAs] slabs in these
arsenides (La—As, 3.07 A; Ce—As, 3.04; Pr—As, 3.02 A; Nd—
As, 3.00 A) are essentially identical to those in the parent
rocksalt-type rare-earth monoarsenides REAs themselves (La—
As, 3.08 A; Ce—As, 3.04 A; Pr—As, 3.01 A; Nd—As, 2.99
A).*>* The Zn—As distances range from 2.554(2) to 2.603(1)
A, which are similar to those found in the CaAlSi,-type
arsenides Ceg 9Zn,As, (2.526(1)—2.624(1) A)'* and
YbZn,As, (2.520—2.595 A).'” The Zn—Zn distances exceed
3.0 A, well beyond the sum of the Pauling metallic radii (2r, =
2(1.213 A) = 2.426 A),*” and are likely nonbonding. The As
atoms are surrounded by either RE atoms (CN6, octahedral) or
by both RE and Zn atoms (CN7, capped octahedral). The
absence of both metal—metal and As—As bonding thus implies
a reasonable charge assignment with closed shell (RE**, As®")
or closed subshell (Zn>") configurations. Such an assignment
would lead to excess electrons if the idealized formulation is
taken, (RE*")(Zn>"),(As* ),e”n(RE**As®"). In the parent
CaALSi,-type phases (n = 0) formed by the early trivalent
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RE metals (La—Nd, Sm), removal of this electron excess is
manifested as defects in the RE sites,
(RE*)6,(Zn**),(As*7),."* The alternative response is through
the formation of Zn defects, giving the charge-balanced
formulation (RE**)(Zn*"), ((As®™),-n(RE**As®7). This Zn
deficiency is not quite attained in the observed compositions
REZn,;_, 3As,'n(REAs); a narrow homogeneity range may also
be possible, although this remains to be further investigated.
Moreover, in one of the structure refinements, there appears a
second minor Zn site whose proximity to an As site necessitates
partial occupancy in the latter, NdgZn, ¢5(;)As683(1). There is
evidence that the rare-earth monoarsenides REAs themselves
are prone to slight nonstoichiometry in both RE and As sites.*
The characterization of two Mn-substituted derivatives,
Ce,Mny¢Zn,,Ass and CesMng,Zn,;As,, suggests that this
formulation is robust and that isostructural compounds can be
prepared in which Zn is replaced by other d° d° or d'°
substituents. This type of substitution often occurs in other
cases, such as the diluted magnetic semiconductors
(Zn,_,Mn,);As,*® and ternary Zintl phases A;,MPn,;.** Efforts
are in progress to investigate the solid solubility of Mn into
REZn,_,As,n(REAs) more systematically.

To verify the bonding picture described above, the electronic
band structures of these arsenides were analyzed. As a
representative example, an idealized La,Zn,As; model with
fully occupied Zn sites was first examined (Figure 4). The

Energy (V)

—— v .
40-10 -5 0 5 10

-COHP (cell')

0 1b 50 3b

DOS (states eV cell)
Figure 4. La,Zn,As: The left panel shows the density of states (DOS)
and its La (blue line), Zn (filled green region), and As projections
(hatched red region); the right panel shows the crystal orbital
Hamilton population (COHP) curves for La—As (dotted blue line)
and Zn—As interactions (solid green line). The Fermi level is at 0 eV
for the idealized nondefect composition La,Zn,As;.

density of states (DOS) curve is clearly partitioned into mostly
empty La-based bands above the Fermi level (at 0 eV), a broad
manifold (—0.8 to —6.5 eV) in which mostly As 4p states mix
with La- and Zn-based states, and several low-lying narrow
bands corresponding to Zn 3d states (near —8 V) and As 4s
states (near —10 and —12 eV). As deduced from the crystal
orbital Hamilton population (COHP) curves, the Zn—As
bonding levels lie lower in energy than do the La—As bonding
levels, reflecting the stronger covalent bonding character of the
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former type. The integrated COHP values (—ICOHP) are 0.96
eV/bond for La—As and 1.64 eV/bond for Zn—As bonds. The
switch to antibonding character occurs at —0.8 eV, at which
point the DOS diminishes to a pseudogap (not quite zero, but
nearly so at 0.004 states eV ' cell™'). The Fermi level can be
lowered to this pseudogap, so that La—As and Zn—As bonding
interactions are just optimized, if the electron count is
decreased by one (from 61 to 60 e /fu. for the electrons
included in the basis set) through the introduction of Zn
vacancies. The electrons are assumed to be removed from the
higher-energy Zn 4s/4p states which lie closer to the Fermi
level than the filled Zn 3d states (which would not be involved
in Zn—As bonding). If the configuration of a neutral Zn atom
(4s* 3d") is used for the purpose of simplifying the electron
counting, removal of one electron over the two Zn atoms in the
formula unit would correspond to the formulation La,Zn, sAs;,
in agreement with the argument presented earlier. The
observed compositions of this and the other ternary arsenides
are closer to REZn,,_;¢As, n(REAs), perhaps because geo-
metrical distortions around the Zn atoms may ensue from
vacancy ordering to adjust the energies of bands near the Fermi
level. As well, such distortions could lead to strengthened Zn—
Zn bonding, which are only negligible (—ICOHP of 0.15 eV/
bond) in the idealized La,Zn,As; model. In lieu of Zn
deficiencies, it would be interesting to attempt the preparation
of fully stoichiometric compounds obtained through sub-
stitution of RE with a divalent element, such as SrLa;Zn,As;, or
substitution of Zn with a monovalent element, such as
La,CuZnAs;.

The successive addition of [REAs] slabs in the structural
evolution of the homologous series REZn,  As,-n(REAs)
should be paralleled by trends in the electronic structure. The
DOS curves for known and missing members of this series in
idealized models, as well as for LaAs (rocksalt-type) itself, can
be compared (Figure S). The general features described above
for La,Zn,As; are preserved in the DOS curves here, namely,
the presence of a valence band based primarily on Zn and As
states and a conduction band based on La states. The valence
and conduction bands are separated by a band gap of about 0.6
eV in LaZn,As,, which gradually narrows until these bands just
touch in La,Zn,As; so that only a pseudogap remains as further
[REAs] slabs are inserted. If the DOS curves are decomposed
into projections belonging to the [REAs] vs [Zn,As,] slabs, it
can be clearly seen that the band gap narrowing originates from
the [REAs] slabs, while the states belonging to the [Zn,As,]
slabs remain relatively unchanged. In all these ternary arsenides,
the Fermi level is too high in the idealized formulations, but it
can be lowered to precisely the location of the band gap (or
pseudogap) by removing one electron per formula unit, which
accounts for the Zn substoichiometry as mentioned before.
When the extreme case of LaAs is reached in which an infinite
number of [REAs] slabs and no [Zn,As,] slabs are present, the
band structure reverts to that of a semimetal, with essentially
filled As states and empty La states, in agreement with previous
calculations using various methods.**~* This analysis demon-
strates that the electronic structure of the ternary arsenides can
be regarded as a superposition of nearly separate [REAs] and
[Zn,As, ] slabs, and that the semiconducting behavior typical of
CaAlL,Si,-type phases can be transformed into semimetallic
behavior when the number of [REAs] slabs introduced exceeds
three.
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Figure 5. DOS curves for known and hypothetical arsenides with idealized compositions REZn,As,-n(REAs), and for rocksalt-type NaCl. The DOS
curves are decomposed into projections belonging to the [Zn,As,] (green regions) and [REAs] slabs (yellow regions) that build up the crystal

structures of these arsenides.

B CONCLUSIONS

The large number of ternary arsenides REZn,_,As,n(REAs)
(RE = La—Nd, Sm; n = 3, 4, 5, 6) presented here demonstrate
the effectiveness of a structural principle first identified in a
more limited series of phosphides REZn, ,P,-n(REP) (RE =
La, Ce; n=2,3,4).27% We predict that other pnictides can be
prepared by applying this principle of alternating [Zn,Pn,] slabs
with an increasing number of [REPn] slabs. It is also tempting
to suggest that such pnictides would form part of a larger family
of infinitely adaptive structures, similar to bismuth chalcoge-
nides (e.g, (Bi,),(Bi,Te;),),"* " in which “every possible
composition can attain a unique, fully ordered structure” through
Thus, we
speculate the existence of further ternary rare-earth-containing
arsenides in which not only [REAs] slabs but also [Zn,As,]
slabs could be condensed together in an independent fashion to
attain any composition, within limits. Although there are
examples in which two or three [Zn,As,] slabs are condensed
and REZn,As;
respectively), none is currently known in

.. . 28
variation of a small number of structural subunits.

to give tetragonal arrangements (in RbZn,As;*
(RE = La—Pr),"!
which such slabs are condensed to give trigonal arrangements.
However, pairs of [Cd,As,] slabs condensed to give a thicker
[Cd,As;] slab in the desired trigonal arrangement are found in
RbCd,As;.*® It would thus be worthwhile to seek the formation
of infinitely adaptive structures within the RE—Cd—As systems.

The structural flexibility allows the electronic structure to be
gradually modified, from semiconducting to semimetallic
behavior, as predicted by band structure calculations. In
combination with the chemical flexibility provided by the
range of RE substitution range and the nonstoichiometry in Zn,
it is possible to imagine that considerable control can be
exerted on the electrical and magnetic properties of these
compounds. Pending efforts to improve sample homogeneity to
determine these properties, preliminary magnetic measure-
ments on a few samples (CesZn,_,Ass, PreZn,_,As,
Nd,Zn,_,Asg) indicate Curie—Weiss behavior with possibly
antiferromagnetic ordering.
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