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The ternary rare-earth chromium germanides REG(R& = La—Nd, Sm) have been synthesized by
direct reactions of the elements in the presence of Sn flux, or by arc-melting and annealing®@t 800
Their structures were determined by single-crystal and powder X-ray diffraction. They adopt a hexagonal
perovskite structure typeP6s/mme Z = 2; a = 6.2004(1)-6.0812(3) A,c = 5.7660(6)-5.6594(3) A
for RE = La—Sm), unusual for an intermetallic compound, in which chains of face-sharing Cr-centered
octahedra are linked by triangular §38usters. Electrical resistivity measurements show metallic behavior
for all RE members, with prominent transitions that coincide closely with ferromagnetic transitions (
ranging from 60 to 155 K) seen in the magnetic susceptibility curves. Band structure calculations on
LaCrGe show the presence of a narrow, partially filled band with high DOS at the Fermi level.

RECKGes;.?1?2 Among these phases, RETIGERE = La,

Ce, Pry is worthy of attention because it represents an
unusual example of an intermetallic phase adopting the
hexagonal perovskite structure tyfayhich consists of one-
dimensional chains of face-sharing octahedra and is normally
found for chalcogenides and halides. CeTj@as shown

to order ferromagnetically with a low Curie temperaturg) (

Introduction

The wide variety of magnetic properties displayed by
intermetallic compounds containing rare-earth (RE) and
transition metals (M) arises from differing interactions
between the localized f-electrons of the RE atoms, through
the possible intermediary of the d-electrons of the M atoms.
Our own work on ternary rare-earth transition-metal anti-

monides has revealed compounds such as RECHE&H

exhibit magnetic orderingBecause Ge and Sb have similar

electronegativities and atomic radii, exemplifying what might
be regarded as a diagonal relationship in the periodic table
we were interested in extending this work to ternary germ-

anides. Numerous ternary R —Ge phases have now been

identified, especially with the later transition metals from
the Fe, Co, Ni, and Cu triads; in contrast, much less is known

about those containing an early transition métalthe RE-

(Ti, V, or Cr)—Ge systems, the only known phases so far

are RETIGEe 7 RETiGe,2° RE,TisGe, 19712 Sg Vs ,Ges, 13
SeV:Ge, 1556 1, \Vs-Ges,® SeCrGe;, ' S6CraGero, 181
ScCrGe,® LasCrGe;,18 Nd,CroGes,1® Smyi1/CrsoGerr,2° and
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of 14 K and was proposed to be a dense Kondo lattice
compounc.

We report here the new series REC§GRE = La—Nd,
Sm) also adopting the hexagonal perovskite structure type.

'These compounds are also ferromagnetic, but the substitution

of Cr for Ti increases the ordering temperatures significantly
in RECrGe because of magnetic interactions involving the
Cr moments.

Experimental Section

Synthesis.Starting materials were RE pieces (99.9%, Hefa), Cr
powder (99.8%, Alfa-Aesar), and Ge powder (99.999%, Cerac).
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Table 1. Crystallographic Data for RECrGes (RE = La—Nd, Sm)

LaCrGeg CeCrGe PrCrGe NdCrGe SmCrGeg

formula mass 408.68 409.89 410.68 414.01 420.11
space group P6s/mmc(No. 194) P6s/mmc(No. 194) P6s/mmc(No. 194) P6s/mmc(No. 194) P6s/mmc(No. 194)
a(h) 6.2004(7) 6.150(2) 6.1416(6) 6.1264(4) 6.0812(3)
c(A) 5.7660(6) 5.7222(19) 5.7039(5) 5.6914(4) 5.6594(3)
V (A3) 191.97(4) 187.45(11) 186.32(3) 185.00(2) 181.25(2)
z 2 2 2 2 2
pealed (9 CNT3 7.070 7.262 7.320 7.432 7.694
radiation A (A) Mo Ko, 0.71073 MoKa, 0.71073 MoKa, 0.71073 MoKa, 0.71073 CWKay, 1.54056
w(mm?) 36.59 38.22 39.31 40.46 169.79
26 range (deg) 7.5866.08 7.66-66.20 7.66-66.02 7.68-52.68 10.06-100.00
no. of data collected 223Rg = 0.055) 2237 R = 0.051) 2191 Ry = 0.049) 1395Ri = 0.047) 3103 data points
no. of unique data 165 (159) 161 (161) 160 (160) 93 (93) 49 Bragg reflns
(no. withF2 > 2¢(F?))
no. of variables 10 10 10 10 19
residuald R(F)(F? > 20(F?)) = 0.024 R(F)(F? > 20(F?)) = 0.028 R(F)(F?> 20(F?)) =0.032 RE)(F? > 20(F?)) =0.024 Rg = 0.050,R, = 0.046

Ry(F?) = 0.052 Ry(F?) = 0.070 Ruw(F?) = 0.075 R/(F?) = 0.064 Ryp = 0.065
GOF 1.299 1.079 1.334 1.064 2.56

ARg = Jllo — lel/Ylo; Ro = T1¥o — Yel/¥¥o; Rup = [Z[W(Yo — YOI SWyedY% R(F) = Y|IFol — IFcll/YIFol; Ru(Fod) = [T[W(Fo? — FAA Y WR*Y2,
wt = [0%Fs? + (Ap)? + Bp] wherep = [max (Fo2,0) + 2F2/3.

; o Table 2. Positional and Equivalent Isotropic Displacement
Single crystals. of RECrGaused for structure dgtermlnatlon were Parameters (&) for RECrGe s (RE — La—Nd, Smy
grown from mixtures of RE, Cr, Ge, and Sn in the molar ratio
3:1:5:10, contained in alumina crucibles placed within sealed and LaCrGe CeCrGg PrCrGe NdCrGe SmCrGe
evacuated fused-silica tubes. The presence of excess Sn, which actBE at 21 (1/3, 2/3, 3/4)
as a flux, aids in improving crystal quality. The samples were heated Crath 0,0.0)
at 850°C for 4 days, heated at 50C for 4 days, and then cooled Ueq Y 0.0077(4) 0.0094(5) 0.0052(5) 0.0096(8) 0.013(3)
to room temperature over the course of 1 day. After treatment with Ge at & (x, 2x, 1/4)
6 M HCl to dissolve the Sn flux, needle-shaped crystals of RE€rGe ’L‘J 8:38%%; 8:3?8}18& 8:382‘318; 8:3?8%% 8:332?1(;’)
could be obtained for RE: La—Nd, with typical lengths of up to a0 ' _
~0.5 mm. Energy-dispersive X-ray (EDX) analysis with a Hitachi # Uegis defined as one-third of the trace of the orthogonaliggdensor.
S$-2700 scanning electron microscope on these crystals showed thé’iso @Pplies to SmCrGe
presence of all three elements in ratios {22% RE, 17-25% Table 3. Selected Interatomic Distances (&) in RECrGe
Cr, 56-61% Ge) that are consistent with the formulas obtained (RE = La—Nd, Sm)
from the structure determinations. LaCrGe CeCrGe  PrCrGe  NdCrGe SmCrGe

Powder samples of RECIG4RE = La~Nd, Sm) could be RE-Ge (x6) 3.1134(4) 3.0880(11) 3.0839(3) 3.0761(2) 3.0496(3
obtained by arc melting of stoichiometric mixtures of the elements REng geg 3:25148 3:2277&0; 3:217325; 3:21078 3:213(2())

in the form of pieces or rods (99.9% or better). The mixtures were Cr—Ge (x6) 2.5278(7) 2.5054(11) 2.5027(9) 2.4957(13) 2.442(3)
melid twice under an argon atmosphere in an Edmureldiy  STC(2 200 2R 28I 2usie) 2ol
MAM-1 compact arc melter. The arc-melted ingots were then sealed

in evacuated fused-silica tubes and annealed at8Gor 20 days,
followed by being quenched in cold water. Powder X-ray diffraction
patterns of the arc-melted samples, obtained on an Inel powder

diffractometer (Cu K, radiation) equipped with a CPS 120 L 41842 418426 (P 418427 (Nd-
detector, were in good agreement with those calculated from the E:rzcé)c; @), 418425 (CeCrGg, 418426 (PrCiGy, 418 (Nd

single-crystal data. The samples were phase-pure, except for that . .

with RE= Sm, which contained a small amount of Ge8%) and Powder X-ray dlffract_lon da“.”‘ collected for R.EC@EE: La—

presumably other undisclosed binary phases in addition to SmCrGe Nd.’ Sm) were also refined V.V'th the _fl_JII-profl_It_a Rietveld method
Attempts were made to extend the RECsGeries to other RE using the program LHPM-Rietic®. Initial positions were taken

members. Our investigations revealed that the REGpBase could from the single-crystal structures determined above. The final cycle

not be fofmed for RE= Gd—Yb at 800°C of least-squares refinement included scale factor, background, zero
Structure Determination. Single-crystal intensity data for point, cell parameters, pseudo-Voigt peak profile parameters, atomic

coordinates, and isotropic displacement parameters. Fits to the

RECrGeg (RE = La—Nd) were collected on a Bruker Platform/ T ) .
SMART 1000 CCD diffractometer at ZZ usingw scans. Structure powder patterns are shown in Figure S1 and the Rietveld refinement
: results are summarized in Table S1 of the Supporting Information.

solution and refinement were carried out with use of the SHELXTL ) o
(version 6.12) program packa@eFace-indexed numerical absorp- Crystal data from the single-crystal structure determinations of
tion corrections were applied. Laue symmetry and systematic RECTGe (RE = La—Nd) and the Rietveld refinement of SmCr5e
absences were consistent with the hexagonal space gRGJDS; are given in Table 1. Final values of the positional and displacement
P62c, and P6mmc The centrosymmetric space groBfs/mmc parameters are given in Table 2. Interatomic distances are listed in
was chosen and initial atomic positions were found by direct Table 3.

methods. Refinements proceeded in a straightforward manner. Electrical and Magnetic Properties.Electrical resistivities from
Refinements on the occupancy factors confirmed that all sites are2 0 300 K were measured on needle-shaped single crystals of
fully occupied with reasonable displacement parameters. Atomic RECrGe (RE = La—Nd) that had been used for the single-crystal
positions were standardized with the program STRUCTURE sStructure determinations by standard four-probe techniques on a
TIDY.25 Further data, in the form of a crystallographic information Quantum Design PPMS system equipped with an ac transport

0.0082(3) 0.0099(4) 0.0063(4) 0.0101(6) 0.006(1)

file (CIF), are available as Supporting Information or may be
obtained from Fachinformationszentrum Karlsruhe, Abt. PROKA,
76344 Eggenstein-Leopoldshafen, Germany (No. CSD-418424

(24) Sheldrick, G. M.SHELXTL, version 6.12; Bruker AXS: Madison, (26) Hunter, B.LHPM-Rietica version 1.7.7; International Union of
WI, 2001. Crystallography Commission on Powder Diffraction Newsletter, 1998,
(25) Gelato, L. M.; PartheE. J. Appl. Crystallogr.1987 20, 139-143. no. 20; www.rietica.org.
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controller (model 7100). The current was 108 and the frequency
was 16 Hz. Given the habit of the crystals, the resistivity could be
easily measured only along the needle axis, which corresponds to
the crystallographic-axis. All measurements were repeated at least
twice.

Measurements of dc magnetic susceptibility were made on
powders of RECrGg(RE = La—Nd, Sm) between 2 and 300 K
on a Quantum Design 99PPMS dc magnetometer/ac suscepto-
meter. Susceptibility values were corrected for contributions from
the holder and sample diamagnetism. Measurements of ac magnetic
susceptibility were made with a driving amplitude of 1 Oe and
frequencies between 1000 and 5000 Hz.

Band Structure. Tight-binding linear muffin tin orbital (TB-
LMTO) band structure calculations were performed on LaGrGe
within the local density and atomic spheres approximations using
the Stuttgart TB-LMTO prograrff. The basis sets consisted of La
6s, 6p, 5d, 4f; Cr 4s, 4p, 3d; and Ge 4s, 4p, 4d orbitals, with the
La 6p and Ge 4d orbitals being downfolded. Integrations in
reciprocal space were carried out with an improved tetrahedron
method over 95 independénpoints within the first Brillouin zone.
Non-spin-polarized and spin-polarized calculations were carried out.

Results and Discussion

Crystal Structure. The RECrGeseries forms for the early
rare-earths (RE= La—Nd, Sm) and is the most Ge-rich phase
found in the RE-Cr—Ge systems so far. The structure
consists of chains of face-sharing Cr-centered octahedra,
![CrGeys), aligned along the direction, separated by RE
atoms (Figure 1). The RE atoms are coordinated by 12 GeFigure 1. Structure of RECrGe(RE = La—Nd, Sm) viewed (a) down the
atoms in an anticuboctahedral geometry (Figure 2). On gg::ggggﬂ :2Zgg:;ﬁggr':f'fgprreegfnstgzg‘ﬁ!0” and (b) perpendicular to the
progressing from the La to the Sm member, the e
distances generally decrease regularly from 3.1134(4) A
(around the planar hexagonal waist) and 3.2514(5) A (in a
trigonal prism) to 3.0496(3) and 3.213(2) A because of the
lanthanide contraction. The surprisingly variable—GQe
distances within the Cr-centered octahedra range from
2.5278(7) A for LaCrGegto 2.442(3) A for SmCrGg in
good agreement with distances found iny;Ges and
Cr1Ges?®2° and slightly longer than the sum of the single-
bond metallic radii (Cr, 1.186 A; Ge, 1.242 A).Face-
sharing of octahedra is normally disfavored in solid-state
structures because of the repulsions experienced by cationic
centers in close proximity, unless charges are small or another
overriding factor such as metametal bonding is present.
Both effects are probably occurring in RECr>@here the
Cr—Cr distances along the face-sharing octahedral chains
(2.8830(3)-2.8297(1) A) are suggestive of weak metal Figure 2. Anticuboctahedral coordination of Ge atoms around the RE center
metal bonding. Despite the appearance of a one-dimensional™ REC'Ge-

structure, an interesting feature is that these chains are Iinkedsnghﬂy longer than those in the covalently bonded-&e
by Ge-Ge interactions in the form of triangular clusters so dimers in GdMgGe; (2.525(3) A)3L and relatively invariant
that strong bonding really extends in all three dimensions in with RE substitution.

the structure (Figure 1). Consistent with single bonds, these  The structure of RECrGean be identified as a hexagonal
Ge—Ge distances are quite short (2.6038(12)575(3) A),  perovskite (BaNi@type or BaVS-type)3233which is more
commonly adopted by chalcogenides AB@nd halides

(27) Tank, R.; Jepsen, O.; Burkhardt, A.; Andersen, OTB—LMTO— ABX3. This and the isostructural RETigserie$ are the
ASA Program version 4.7; Max Planck Institut’ fuFestkaperfor-

schung: Stuttgart, Germany, 1998.

(28) Israiloff, P.; Vdlenkle, H.; Wittmann, AMonatsh. Chenil974 105, (31) Choe, W.; Miller, G. J.; Levin, E. MJ. Alloys Compd2001, 329,
1387-1404. 121-130.

(29) Vdlenkle, H.; Preisinger, A.; Nowotny, H.; Wittmann, &. Kristal- (32) Takeda, Y.; Kanamaru, F.; Shimada, M.; Koizumi, Atta Crystal-
logr. 1967, 124, 9—25. logr., Sect. B1976 32, 2464-2466.

(30) Pauling, L.The Nature of the Chemical Bon@rd ed.; Cornell (33) Gardner, R. A.; Vlasse, M.; Wold, Acta Crystallogr., Sect. B969

University Press: Ithaca, NY, 1960. 25, 781-787.
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Table 4. Summary of Resistivity and Magnetism Data for RECrGe (a) 500
(RE = La—Nd, Sm)
LaCrGe,
LaCrGe CeCrGg PrCrGe NdCrGe SmCrGeg
400
paook (U cm) 410 1020 330 400 -
o2 (UQ cm) 75 910 130 110 5
pgoOK/sz . 55 1.1 2.5 3.6 g 3004
Te (K) from: g o
pvsTplot 80 70 90 103 155 5 l
dTy/ 78 66 97 122 155 £ .
dT vsT plot % 200+ .
XacvsTplot 78 62 92 123 @ .
%o (EMu/mol) 3.0x 105 3.2x 1074 7.2x 104 1.0x 103 4.6 x 107 & A
05 (K) 95 86 110 134 157 w00l &
Uerr (uslf.U.) 1.4 1.7 2.1 1.8 11 s
only examples known so far of an intermetallic representative 0 r . . . .
of a hexagonal perovskite. Whereas isolatett @r X! o %0 Tg’r?]per;fgre Tz‘()&) 250 300
species can be regarded to be present in the more ionic
representatives, the same cannot be said for REM@e= (b) 50 50
Ti, Cr), which must necessarily have a polyanionic substruc- o
ture. If charges of RE and CF* are assumed in RECrge §4.0 § wo
in a Zintl-type formalism, the electron transfer to the anionic 3 2.0
framework is insufficient to provide each Ge atom with an .0 %m
octet. A hypothetical Ge species would then require § -
formation of two additional homoatomic G&e bonds per > . .~ S
atom, on average, to satisfy the octet rule. Although the 5 2%
degree of charge transfer in REM§3g expected to be much § .
less pronounced and the notion of localized electrons is U%;w- .
questionable, this Zintl-type formalism provides, surprisingly, . ',ffﬁga o0
a satisfying rationalization for the occurrence of triangular 0.0 S \ :
Ge; clusters, consistent with this prediction of two-bonded 0 50 100 150 200 250 300
Ge atoms Temperature, T (K)

Properties. Interesting magnetic properties may be an- (c) 12 0.014
ticipated by the presence of Cr atoms in chains, which could ,
interact via intervening RE atoms. Moreover, given the quasi- 1.04 10012
one-dimensional structure, these properties may be expected T {smwes -+

o . . S g J's® -0.010
to exhibit a high anisotropy. As an initial study of the bulk }os-r./
properties of these RECrgeaterials, the following mag- s L 0.008
netic results pertain to powder samples only, whereas S 06 )
electrical resistivities have been measured for single crystals K 30K -0.006
along thec direction. Table 4 summarizes the magnetic and D 044 0.004
electrical data. .§’ '

LaCrGes. The electrical resistivity falls linearly with 0.2 L 0.002
decreasing temperature, characteristic of normal metallic . LaCrGe,

; ; 0.0 . . . ——+0.000
behavior, but at~80 K, it abruptly drops and then levels o 20000 40000 60000 50000

off to a residual value of 7xQ2 cm at 2 K (Figure 3a). Field, H,_ (Oe)

Correspondingly, the dc magnetic susceptibility increases Figure 3. LaCrGe;: (a) electrical resistivity, (b) field-cooled (fc) and zero-
rapidly below a similar transition temperature, with the zero- field-cooled (zfc) dc magnetic susceptibility (inset, inverse susceptibility
field-cooled (zfc) and field-cooled (fc) curves diverging Plot). and (c) isothermal magnetization at 2 and 300 K.

below this point (Figure 3b) because of magnetic domain
effects. These observations clearly indicate ferromagnetic o ¢ )
behavior, below a Curie temperatureTof= 78 K, as located ~ 3P): 9iving a positive Weiss parameter 65 = 95 K,
more precisely from plots of gT)/dT vs T (not shown) or !mplymg ferromagnetic coupling, and a modest temperature-
7'acVs T (see the Supporting Information). There appears to INdependent term of, = 3.0 x 10°° emu/mol. The effective

be a low-temperature downturn in the susceptibility nez® magnetic moment calculated from the Curie constant is 1.4
K of uncertain origin. The isothermal magnetization curve #e/f.u.. Because trivalent La provides no f-electrons, the
at 300 K increases linearly with field, consistent with Magnetic moment can be attributed solely to the d-electrons
paramagnetic behavior aboWe (Figure 3c). On the other ~ Of the Cr atoms. However, this value is significantly lower
hand, at 2 K, the magnetization saturates very quickio  than would be expected on the basis of'G2.8ug) or CF*

= 0.9 up/f.u., with little hysteresis as seen by the small ions (3.8usg), clearly in repudiation of a local moment picture
remanent magnetization b, = 0.1ug/f.u., consistent with for the Cr atoms. These observations for LaGr&re similar

soft ferromagnetic behavior beloW. The inverse suscep- to those reported previously for LaCr$kwhich was identi-
tibility in the high-temperature regime was fit to the modified fied to be a band ferromagnet witly ~ 125 K and which

Curie—Weiss law,y = C/(T — 6p) + yxo (inset of Figure
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Figure 4. CeCrGe: (a) electrical resistivity, (b) field-cooled (fc) and zero-  Figure 5. PrCrGe: (a) electrical resistivity, (b) field-cooled (fc) and zero-
field-cooled (zfc) dc magnetic susceptibility (inset, inverse susceptibility field-cooled (zfc) dc magnetic susceptibility (inset, inverse susceptibility
plot), and (c) isothermal magnetization at 2 and 300 K. plot), and (c) isothermal magnetization at 2 and 300 K.

also has an apparently depressed Cr mortfedespite their  5.6,nd 25 K before rising again to 94@ cm at 2 K (Figure
identical chemical formulas and the presence of face—sharlng4a)_ This profile resembles that found in other Ce-containing
Cr-centered octahedra in both structures, they differ in that;\tarmetallics such as CeTigéwhich is isostructural to

the CrCr distances are somewhat longer (3.08 A) and the CeCrGe),° CePdSh? and CeAgSh® 3 which have been

chains are connected to form layers in LaGxSb proposed to be dense Kondo lattice compounds, except that
CeCrGes. The electrical I’eSiStiVity pl’ofile for CeCrGe the resistivity does not decrease as much in the low-
is distinctly different from that of LaCrGeWith decreasing  temperature regime in CeCrg@&he rapid upturn in the dc
temperature, the resistivity gradually increases to a maximummagnetic susceptibility at a similar temperature (Figure 4b)
at ~70 K and then falls to a shallow minimum centered and the saturation behavior of the isothermal magnetization

(34) Raju, N. P.; Greedan, J. E.; Ferguson, M. J.; MarCAem. Mater. (36) Muro, Y.; Takeda, N.; Ishikawa, M. Alloys Compd1997, 257, 23—
1998 10, 3630-3635. 29.
(35) Ferguson, M. J.; Hushagen, R. W.; Mar, A.Alloys Compd1997, (37) Jobiliong, E.; Brooks, J. S.; Choi, E. S.; Lee, H.; FiskPBys. Re.

249, 191-198. B 2005 72, 104428-1104428-9.
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Figure 6. NdCrGe;: (a) electrical resistivity, (b) field-cooled (fc) and zero-
field-cooled (zfc) dc magnetic susceptibility (inset, inverse susceptibility
plot), and (c) isothermal magnetization at various temperatures.

at 2 K (Figure 4c) again imply ferromagnetism. The Curie
temperature located from @)/dT vs T or y'ac Vs T plots is

66 K or 62 K, respectively, slightly lower than the transition
temperature in the electrical resistivity curve. Fitting of the
high-temperature inverse susceptibility to the modified
Curie—Weiss law gavé, = 86 K. Interestingly, the effective
magnetic moment of 1.7g/f.u. in CeCrGe is not signifi-
cantly higher than that (1.4g/f.u.) in LaCrGe, despite the
nominal introduction of a 4f moment, if trivalent cerium is
assumed (which has a free-ion moment of 2g%. In fact,
this value remains less than that (26f.u.) in CeTiGe,
which has a much lower ordering temperatufg £ 14 K)
and a negative Weiss parameté, & —36 K).° These
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Figure 7. SmCrGe: (a) field-cooled (fc) and zero-field-cooled (zfc) dc
magnetic susceptibility (inset, inverse susceptibility plot), and (b) isothermal
magnetization at various temperatures.

Magnetization, M (u/mol)

P S ™

observations suggest strong interactions of Cr d-moments
with the Ce f-moments in CeCr@en a nontrivial arrange-
ment that will need to be determined by further study such
as neutron diffraction.

PrCrGe; and NdCrGes. The electrical resistivity plots
for PrCrGe (Figure 5a) and NdCrGé€Figure 6a) are similar
in profile and absolute values, with sharp transitions at 90
and 103 K, respectively. These transitions coincide with the
rapid upturns in the dc magnetic susceptibility, at 97 K
(Figure 5b) and 122 K (Figure 6b), respectively. Additional
transitions are seen in the susceptibility at low temperatures.
In PrCrGe, all isothermal magnetization curves beldw
exhibit saturation behavior @2 K curve is shown in Figure
5c; further curves are in the Supporting Information), with
no striking changes seen in their profiles other than the
expected increase in saturation magnetization as the tem-
perature is decreased. In NdCkGleowever, the isothermal
magnetization curvet@ K exhibits strong hysteresidiem
= 1.4 ug/f.u.), which becomes less pronounced at higher
temperature (Figure 6c¢). The increasing importance of the
role of f-electrons can be surmised from the dramatic low-
temperature downturns in the zfc curves of the magnetic
susceptibility on progressing from LaCré&to NdCrGe,
which may be related to different degrees of magnetic
anisotropy associated with the rare earth. The effective
magnetic moment (determined from fits of the high-temper-
ature susceptibility to the modified Curi&Veiss law) also
decreases on going from PrCr{3@.1 us/f.u.) to NdCrGe
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180 ordering sets in. This ferromagnetic ordering arises from
RECrGe, interaction between Cr moments, mediated through the RE
160 Sm atoms. The Curie temperatures are found to be roughly

1 . proportional to the de Gennes factog,  1)(J(J + 1))

1404 (Figure 8), implying that the localized 4f electrons on the

! Nd RE atoms interact indirectly with each other through

120~ m polarization of the conduction electrons (RKKY interaction).
< | This correlation and the low observed effective magnetic
= 1004 moments also suggest that Cr d electrons are highly delo-

calized in conduction bands.

Pr
| | |
804 Electronic Structure. To gain insight on the bonding and
c properties of RECrGg a band structure calculation was
[ carried out for LaCrGg Figure 9 shows the density of states
(DOS) curve for LaCrGg as well as its contributions from
La, Cr, and Ge. In general agreement with the formulation

60

40 T T v T T T T !

0 1 2 3 4 5 (La®")(Cr**)(Ge); derived from the simple electron count-
de Gennes factor, (g-1)2J(J+1) ing scheme proposed earlier, most of the La states are
Figure 8. Magnetic ordering temperatures for RECg@éotted versus the unoccupied and located above th_e Fer_ml level, whereas the
de Gennes factor. Cr- and Ge-based bands are partially filled. Strong covalent

bonding is implied by the mixing of Cr and Ge states over

(1.8 ugff.u.), suggesting a distinct change in the nature of a wide energy range (from6 eV upward). As seen in the
magnetic interactions between the RE and Cr moments.  crystal orbital Hamiltonian population (COHP) curves;Cr

SMCrGes. The resistivity of SmCrGgwas not measured  Ge bonding within the Cr-centered octahedra is optimized
because of the lack of suitably sized crystals, but it may be through complete filling of bonding levels, giving an
predicted to have a similar profile as other RECsGe integrated—COHP of 2.2 eV/bond up to the Fermi level,
members. Inspection of the dc magnetic susceptibility shows beyond which are only unoccupied antibonding levels (Figure
that the Curie temperature is now increased to 155 K (Figure 10a). Occupation of bonding levels at similar energies and
7a). The low-temperature transition at 55 K becomes quite nonbonding levels near the Fermi level accounts for the Ge
prominent. Below this transition, the isothermal magnetiza- Ge bonds within the triangular clusters, giving an integrated
tion a 2 K first appears to saturate at O3, but then —COHP of 1.1 eV/bond (Figure 10b). Perhaps the most
increases abruptly at 60 kOe to saturate again atu.0  striking feature of the band structure is the presence of a
(Figure 7b). At 5 K, the curve only shows saturation at 1.0 very large spike in the DOS near the Fermi level, just below
us. These observations suggest the onset of a low-field, low- a pseudogap. This spike is almost entirely based on Cr
temperature ferromagnetic phase stablewéld and below d-states (Figure 9c). A patrtially filled narrow band with high
60 kOe. DOS at the Fermi level is one of the characteristic features

In general, all RECrGecompounds studied here are of a band ferromagnet, consistent with the experimentally
metallic and exhibit a prominent kink in their electrical observed metallic and ferromagnetic behavior of LaGrGe
resistivity curves that is clearly magnetic in origin, as it Moreover, inspection of the COHP curve for the—Qr
coincides with a ferromagnetic transition seen in the magnetic contacts along the face-sharing octahedral chains reveals that,
susceptibility curves. The sudden decrease in resistivity arisesalthough there is still net metametal bonding overall
because of a loss of spin-disorder scattering as ferromagnetidintegrated—COHP of 1.1 eV/bond), the states at the Fermi

(@) (b) (c)
Cr { Ge

5 10 15 20 250 5 10 20 250 5 10 15 250 25
DOS (states eV cell") DOS (states e\f cell’ ) DOS (states eV cell ) DOS (suates eV" cell’ )

Figure 9. (a) Total density of states (DOS) for non-spin-polarized LaGr&@® its (b) La, (c) Cr, and (d) Ge contributions. The dashed curve in (c)
indicates the contribution of 3d states to the Cr partial DOS. The Fermi level is marked by a horizontal line at 0 eV.
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Figure 10. Crystal orbital Hamilton population (COHP) curves (solid line) and integrated COHP curves (dotted line) for-@g Gb) Ge-Ge, and (c)
Cr—Cr contacts in non-spin-polarized LaCri&he Fermi level is marked by a horizontal line at 0 eV.

4 to account for the depressed magnetic moments, but the filled

3] RE f-states will also be polarized and contribute to the
effective moment.

2

1] This investigation has uncovered a new series of inter-
metallic germanides that have several points of interest: (i)

] the adoption of a hexagonal perovskite type structure,

normally found for halides and chalcogenides, is unusual for

5] an intermetallic compound; (ii) all rare-earth members
0o - 10

w

y—

Energy (eV)

o

Energy (eV)

studied thus far are metallic and ferromagnetic with relatively
-3 T high transition temperatures; and (i) more complex magnetic
-4 behavior is signalled by other transitions at low temperature
5] or low field. Further work is in progress to examine the-RE
] Cr—Ge systems systematically to identify other ternary
-615 o s - s phases, attempt substitutions of Cr with other transition
DOS (states eV cell") metals, and prepare suitable samples for neutron diffraction
Figure 11. Total density of states for spin-polarized LaCgGEhe Fermi measurements. Single-crystal magnetization studies would
level is marked by a horizontal line at 0 eV. also be interesting to probe the extent of anisotropy, and
level are strongly antibonding (Figure 10c). The electronic optimization of crystal growth is underway.
instability inherent in this type of situation has been proposed
as an alternative way to view the driving force for band
ferromagnetisni® Figure 11 shows the results of a spin-
polarized calculation on LaCrGeThe DOS curve for the
majority spin statest) is shifted down relative to that for
the minority spin stated), with the narrow Cr d band now
appearing below the Fermi level. The magnetic state is more
stable than the nonmagnetic state by 0.076 eV/cell. The
calculated magnetic moment of 1.3 is derived almost
exclusively from Cr 3d states and agrees well with the

experimental moment of 14 for LaCrGe. By extension, Supporting Information Available: X-ray crystallographic files

we can make the suppositior.] that the Cr d states are alsqn CJIF format; Rietveld refinement results on powder samples and
delocalized in narrow d-bands in the other REG@embers  additional magnetic data (PDF). This material is available free of

charge via the Internet at http://pubs.acs.org.
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