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Abstract

A novel ternary structure type has been determined from single crystals of
Ce,ZngGe; grown from indium—zinc flux solvent. The Ce,ZngGes type is
hexagonal (a = 0.767 69(2) nm; ¢ = 0.411 59(2) nm) with space group P62m,
Z = 1. Isotypic compounds with La, Pr, Nd, Sm and Gd were synthesized by
reaction sintering, and their isotypic crystal structures were confirmed from
Rietveld refinements. These novel ternaries show metallic behaviour and their
ground state depends on the particular rare earth ion. Long-range magnetic
order was deduced for the compounds from Ce to Gd, with a maximum transition
temperature Ty ~ 29 K for Gd,ZnsGe;. While the compounds with Ce and
Pr exhibit a spontaneous magnetic type of order, those with Nd, Sm and Gd
are antiferromagnetic. The magnetic structures of Pr,Zn¢Ge; and Nd,ZneGe;
were resolved on the basis of neutron powder diffraction performed at 1.5 K.

1. Introduction

Our general interest in crystal structures and physical properties of cerium—, europium— and
ytterbium-zinc silicides and germanides [1, 2] prompted us towards a closer inspection of the
ternary systems formed by Zn and Ge with rare earth (RE) elements. In particular, compounds
with high Si, Ge content may show interesting thermoelectric properties. Due to the low
melting and boiling points of zinc metal (7, = 419.6°C, T;, = 907 °C [3]), synthesis of zinc
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containing single-phase materials is difficult to achieve via the usual high-frequency or arc
melting techniques. Therefore, there is hitherto rather limited information on the crystal
chemistry and properties of ternary RE zinc germanides, for which only a few structure
types have been elucidated, such as RE;ZnsGeg ({RE: Gd, Tm, Lu}) [4], NdZn; sGey 5 [5],
YbZn,Ge; [1], EuZn,Ge, [2, 6] and EuZnGe [7]. Phase equilibria within an isothermal
section at 600°C have so far been reported for the ternary systems {Ce, Nd, Gd}-Zn-Ge,
revealing a series of ternary compounds; the crystal structures of most of them still remain
unknown [8-10].

Inrecent papers [1,2, 11, 12], the use of an alternative technique for the growth of sizeable
single-crystal material based on the Lebeau method [13] has been demonstrated, employing
low-melting flux solvents such as tin, lead, aluminium or copper. This technique has been quite
successful in producing transition metal borides as well as silicides and germanides [14-16].

2. Experimental details

Starting materials used were zinc granules, p.A., indium ingots, 99.9% pure, 99.9% pure ingots
of RE and Ge pieces, 99.999%. Single crystals of Ce;ZnsGes were grown from 60In-40Zn
(at.%) flux taken in a mass ratio of 12:1 with an elemental mixture of 33.3Ce—66.7Ge (at.%).
Pieces of elements were contained in Al, O3 crucibles and vacuum sealed within thick-walled
quartz tubes. A typical experiment started from room temperature with a heating rate of
75°Ch~! up to 1100°C with an intermediate hold for 1 h at a temperature of 450 °C, well
above the melting point of the flux. After a soaking period for 24 h,cooling to 500 °C proceeded
at a speed of 25 °C h™!, after which the sample batches were kept at this temperature for 12 h
prior to final quenching, when samples were simply removed from the hot furnace. The
indium—zinc flux was finally dissolved in an ultrasonically agitated bath of mercury at room
temperature.

Attempts to grow single crystals of isotypic silicides were unsuccessful: the resulting
product contained only single crystals of CeSi, with ThSi, structure. It is important to note
that pure Zn flux, which was successfully used to grow ternary europium and ytterbium-zinc
silicides and germanides [1, 2], did not result in the production of Ce;ZngGes. This fact may
be explained by a low stability of this compound against dilute HCI used to dissolve the Zn
flux.

Taking into account the high vapour pressure of Zn, Ce,ZnsGes and isotypic compounds
with La, Pr, Nd, Sm and Gd were produced applying the following method. Arc-melted master
alloys with nominal composition RE,Ge; (RE: La, Ce, Pr, Nd, Sm, Gd) were powdered under
cyclohexane and mixed with freshly prepared Zn powder. The compacted powder blends were
sealed in evacuated silica ampoules and heat treated at 350—400 °C for 4-7 days, after which
a fine powder of nearly single-phase RE,ZnsGes; was obtained. It was re-compacted and
sintered again to obtain a single-phase material usable for physical property measurements.
Contents of secondary phases (typically Zn and/or Ge) were examined by quantitative x-ray
powder Rietveld refinement and found not to exceed 3-5 vol.%. Attempts to produce isotypic
compounds with europium and ytterbium failed; they merely resulted in the formation of
EuZn,Ge; and YbZn,Ge,, previously described in [1, 2].

X-ray examination of polycrystalline materials was performed at room temperature in
a Guinier-Huber x-ray camera with an Image Plate recording system (Cu Ko;) employing
an internal standard of 99.9999 mass% pure Si (as;i = 0.5431065 nm). Neutron
diffraction was carried out on the DMC spectrometer of the PSI spallation source SINQ
with Xeuron = 0.255924 nm. Quantitative Rietveld refinement of single-phase samples
was performed by means of the FULLPROF program [17]. A series of crystal specimens
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was inspected using a 57.3 mm radius Gandolfi camera, which also served for preliminary
determination of the unit-cell dimensions. Weissenberg photographs accomplished crystal
quality control and determination of crystal symmetry. Single-crystal x-ray intensity data for
Ce,ZneGes were collected for a hemisphere in 271 images on a four-circle Nonius Kappa
diffractometer equipped with a CCD area detector (graphite monochromatic Mo Ko radiation,
A = 0.071 073 nm). Orientation matrix and unit-cell parameters for a hexagonal crystal system
(@ = 0.76769(2) and ¢ = 0.41159(2) nm) were derived using the program DENZO [18]).
Absorption correction was taken from the program SORTAV [18] (itce,zn Ge; = 37.8 mm™~')
and the structure was refined with the aid of the SHELXS-97 program [19].

Measurements of the various bulk properties were carried out with a series of standard
techniques; details are given in [20].

3. Results and discussions

3.1. Structural chemistry

3.1.1. Crystal structure of CexZneGes. As the absence of systematic extinctions in
Ce,Zn¢Ges is compatible with several hexagonal (and trigonal) space groups, determination
of the atom arrangement was successful in the low-symmetry space group P3 employing
direct methods with the program SIR. Search for higher symmetry (program MISSYM)
prompted the highest possible symmetry in space group P62m. With respect to the known
difficulties in distinguishing Zn and Ge atoms by x-ray methods, balanced thermal displacement
factors and interatomic distances in agreement with the sum of the metal radii were used
to locate Ge atoms, which were found to occupy the 3g site (0.3808,0, 1/2). Thus a
fully ordered atom arrangement is obtained for a formula Ce;ZnsGe; in good agreement
with fairly single-phase bulk samples prepared from the elements, and with composition
controlled by EPMA. Consistency also exists for the lattice parameters of bulk alloys and
the single-crystal specimens, ruling out any contamination or solubility of In flux in the single
crystals. Occupancies of all crystallographic sites were refined but did not reveal any significant
deviations from stoichiometry. Refining anisotropic thermal displacement factors in the final
run yielded an R-value as low as 0.03, confirming the structure model. Results of the structure
determination are listed in table 1; the structure of Ce,ZneGes is presented in figure 1(a) in a
three-dimensional view along the [001]-axis.

As one of the typical structural units for RE germanides, REGe,, Ge atoms form trigonal
prisms around the RE atoms. The next-nearest-neighbour coordination around the Ce atoms
is increased by three additional Zn1 atoms around the waist of the triangular prism. Six more
Zn?2 atoms enlarge the coordination figure around Ce to CN = 15 (9 nearest + 6 second-nearest
neighbours) in the form of a slightly distorted hexagonal prism with each second wall face
centred by aZn1 atom. Zinc atoms form [Zng] clusters face connected in the form of an infinite
column parallel to [001]. These columns are framed in channels constructed from six edge-
connected Ce[Geg] triangular prisms stacked along [001]. Such a type of channel is common
to Fe,P(ZrNiAl)-type structures, but in Fe,P the centre column simply consists of a row of
triangular prisms. The centre of the [Zng] cluster in Ce,ZneGes at 0, 0, 1/2 provides space
for a small tetrakaidecahedrally coordinated void, which may be filled by atoms with radii of
about 0.1 nm. However, no residual electronic density in this site was established by difference
Fourier analysis. Interatomic distances (see table 1) agree well with the metallic radii of pure
elements except for the Zn1-Zn1 bond length, which shows a reduction of about 5%.

The architecture of the Ce,ZneGes structure shows a number of features related to the
well known AlB, type. This can be seen from a projection of the structure on the xy-plane
(figure 1(b)). Ge and Zn2 atoms form distorted hexagonal prisms around Ce atoms, which in



Table 1. Structural data® of RE>ZngGes (RE = La, Ce, Pr, Nd, Sm, Gd) (space group P62m, No 189).

Parameter LayZneGes CeyZneGes PryZneGes Nd>ZneGes SmyZneGes GdyZneGes

a (nm) 0.770 88(2) 0.767 69(2) 0.76543(2) 0.76378(2) 0.761 19(2) 0.75939(3)

¢ (nm) 0.41496(3) 0.41159(2) 0.409 84(3) 0.408 17(3) 0.405 19(1) 0.40295(3)

Data collection Image Plate Nonius Kappa CCD Image Plate Image Plate Image Plate Image Plate
Radiation Cu Ko Mo Ko Cu Ko Cu Ko Cu Ko Cu Ka
Reflections measured 63 678 > 40 (Fp) of 698 63 63 61 60

® range 12.5 <20 <100 2.04 <260 <90.58 125 <20 <100 125 <20 <100 12.5 <20 <100 12.5 <20 < 100

Number of variables

26

16

26

26

26

26

Rr = X|F, — F.|/SF, 0.050 Rr2(678) = 0.033 0.057 0.030 0.050 0.056
R; = 3|l,g — I.3|/Z1,B 0.051 Rpr2(698) = 0.034 0.050 0.036 0.050 0.054
Rup = [Swiyoi — veil?/ Swilyei P12 0.072 wR2 = 0.080; R;,; = 0.541 0.069 0.042 0.032 0.023
Rp = Z|yoi — Yeil/ Z1Voil 0.049 Mosaicity = 0.565(3) 0.048 0.029 0.023 0.017
R.=[(N—-P+C)/Zw; yji)]% 0.025 Extinction = 0.130(7) 0.021 0.008 0.019 0.016
%2 = (Ryp/R.)? 8.3 GOF = 1.074 11.0 227 2.84 1.98
Atom parameters
RE: in 2¢ (1/3,2/3, 0) La Ce Pr Nd Sm Gd
Biso (102 nm?) 0.38(2) Uegu. = 0.0069(1)? 0.46(2) 0.62(2) 0.63(1) 1.06(2)
Znl: in 3f (x, 0, 0) x = 0.1880(2) x = 0.1896(1) x = 0.1888(2) x =0.1897(1) x = 0.1909(1) x = 0.1916(1)
Biso (10> nm?) 0.67(4) Uegu. = 0.0107(2)* 0.86(5) 0.89(3) 0.73(3) 0.57(3)
Zn2: in 3g (x,0, 1/2) x = 0.7089(2) x =0.7107(1) x = 0.7096(2) x = 0.7112(1) x = 0.7132(1) x = 0.7128(1)
Biso (10> nm?) 0.71(4) Uegqu. = 0.0127(2)? 0.75(4) 0.75(3) 0.55(3) 0.55(3)
Ge: in 3g (x,0, 1/2) x =0.3775(2) x = 0.3808(1) x = 0.3810(2) x =0.3827(1) x = 0.3860(1) x = 0.3871(1)
Biso (10> nm?) 0.57(4) Uegu. = 0.0075(1)* 0.62(4) 0.67(2) 0.53(2) 0.70(2)

960¢
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Table 1. (Continued.)

Parameter La;ZngGes CeyZngGes PryZngGes Nd;ZngGes SmyZngGes GdyZnegGes

Interatomic distances (nm); standard deviations generally <0.0005 nm

RE-6Ge 0.318 56 0.31597 0.314 82 0.31351 0.31122 0.309 83
RE-3Znl 0.32766 0.32541 0.32490 0.32370 0.32193 0.32078
RE-6Zn2 0.34423 0.34297 0.34139 0.341 00 0.34009 0.33876
Znl-27Znl 0.25101 0.252 10 0.25030 0.25095 0.25168 0.25201
Zn1-27Zn2 0.286 15 0.283 78 0.28313 0.28167 0.27945 0.278 56
Znl-Ge 0.25374 0.25277 0.25226 0.25175 0.251 19 0.25026
Zn2-Ge 0.264 08 0.25326 0.25152 0.25090 0.249 06 0.24733

 Crystal structure data were standardized using the program Structure Tidy [27].

b Anisotropic atomic displacement parameters (10> nm?): Ce: Uj; = Uy = 0.006(1), Usz = 0.0074(1), Ujp = 0.00330(6); Znl: U;; = 0.0091(2);
Uy = 0.0142(4), Us3 = 0.0105(3), U1z = 0.0071(2); Zn2: Uy = 0.0095(3), Uzx = 0.0086(4), Usz = 0.0197(4), U2 = 0.0127(2); Ge: Uy = 0.0070(2);
Uy = 0.0079(3), Uz3 = 0.0080(2), Uy, = 0.0039(1).

€0n)9uz¢ay Jo seniadoid pue aimonng

LSOE



3058 A Grytsiv et al

Ce,ZngGeg

LiBaSi- structureo. o O ,_. o O .-
N o
Qe [o @iatioig,
e 18 AP S
SALY 00

‘ ~ .I ' . C&-\'r, )z:ﬂ

b)

© % o y .L') zm.. z=0

N AP E: R
@' i

| - Q z=12

. 5 O s . /

Figure 1. Crystal structure of Ce;ZngGes: three-dimensional presentation (a) and projection on
xy-plane (b). Two different unit cells are outlined: the standardized unit cell (see table 1) is given
by a solid line; the magnetic unit cell is represented by a dashed—dotted line (see figure 3). The
dotted curve separates the CeyZngGes structure from the related LiBaSi-type cell.

turn comply with a regular hexagonal pattern (dashed lines in figure 1(b)), resembling Al atoms
in AlB,. As a major difference, site 1a(0, 0, 0) is unoccupied in Ce,ZnsGes but is surrounded
by three Zn1 atoms. Simple substitution of three Zn1 atoms (in 3f positions) by one large Ce
atom at la transforms the Ce,ZngGes structure into the AlB, type (LiBaSi-ordered variant).
The transformation prompts a slight displacement of Zn2 and Ge atoms into the centres of the
trigonal prisms formed by Ce atoms. Consequently, the replacement results in a hypothetical
compound with AIB, structure: Ce;(Zn3)Zn3Ges = Ce;,(Ce)Zn3Ge; = CeZnGe (claiming a
smaller unit cell ay = a/ V/3; see figure 1(b)).

3.1.2. Isotypic compounds RE;ZncGes, RE = La, Pr, Nd, Sm, Gd. Indexing of the x-ray
powder patterns of RE;ZnsGes alloys for RE = La, Pr, Nd, Sm, Gd in all cases prompted a
hexagonal unit cell close to that established for Ce,ZnsGes. Analysis of the x-ray intensities,
absence of systematic extinctions, and size of unit cells suggest isotypism with the structure type
of Ce,ZngGes. Rietveld refinements confirmed the isotypism; results are compiled in table 1.
The small and rather insignificant variation in the lattice parameters (figure 2) indicates the
absence of homogeneity regions. The graph, volume versus RE, clearly reveals a 3+ ground
state for Ce and Sm.
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Figure 2. Lattice parameters and unit-cell volume of RE»ZngGe3 versus RE.

From the results obtained, one could assume that the new compound Nd,ZnsGes may
participate in the phase equilibria determined for the 600 °C isothermal section Nd—Zn—-Ge [8],
for which several compounds with unknown structure type were listed. However, neither a
compound ‘Nd,Zn;5Ge,’ nor ‘NdZn,Ge’ corresponds to our formula Nd,ZnGes. To establish
stability of Nd,ZngGes at higher temperature this specimen was re-annealed at 600 °C for
2 weeks. X-ray inspection of the annealed sample again revealed single-phase Nd,ZngGe;
with lattice parameters (¢ = 0.763 90(2) nm and ¢ = 0.408 18(2) nm) close to those observed
at 400 °C (see table 1).

3.1.3. Magnetic structure of Ndy ZncGes and Pr,ZnsGes. Analysis of neutron diffraction
patterns of Pr,ZneGes at 9 K and Nd,ZngGes at 7 K confirmed the x-ray data; in particular,
the difference in the neutron scattering length of Zn and Ge allowed unambiguous atom site
distribution. Neutron data at lower temperatures (5.5 and 4 K, respectively) revealed additional
reflections of magnetic origin. The magnetic unit cells in both cases were indexed on the basis
of the hexagonal parent structure with the a-parameter identical to that of the nuclear cell, but
with a multiple c-parameter: for ProZngGes ¢qe = 3¢, and for Nd2ZngGes Cinag = 2Cnuc-
The magnetic structures of Pr;ZngGes and Nd,ZngGes at 1.5 K were resolved as co-linear
antiferromagnets, with ordered magnetic moments of 2.97(7) pup and 2.20(4) pup for Pr and
Nd, respectively. As one can see from figure 3(a), the magnetic structure of Pr,ZneGes is an
antiferromagnetic alternation of ++ — ++ — ++ — - - - ferromagnetic (a, b) planes of Pr atoms
with moments along the c-axis. The magnetic structure of Nd,Zn¢Ges (figure 3(b)) is formed
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Figure 3. Magnetic structures of ProZngGe;3 (a) and Nd,ZneGes (b) based on the unit cell outlined
in figure 1(b) by a dashed—dotted line.

by antiferromagnetic (a, b) planes which are stacked antiferromagnetically along the c-axis.
In both refinements magnetic R-factors are below 9%.

3.2. Physical properties

Temperature dependent magnetic phenomena and transport properties were studied for the
ternary RE compounds described above in order to characterize the respective ground states and
to figure out phase transitions appearing in this series. Moreover, thermoelectric performance
was determined.

Figure 4(a) shows the temperature dependent magnetic susceptibility x plotted as x~
versus T for RE;ZneGes, where RE are the light rare earths. Common to all the investigated
compounds is a Curie-Weiss-like behaviour at elevated and anomalies at lower temperatures,
indicating magnetic phase transitions (compare figure 4(b)). To qualitatively account for the
region above about 50 K, least-squares fits according to the modified Curie—Weiss law, i.e.,
X = xo+ C/(T —0),), were applied. xo represents a temperature independent Pauli-like
susceptibility, C is the Curie constant and 6, is the paramagnetic Curie temperature. Results
of this procedure are summarized in table 2. Effective magnetic moments of this series are very
near to the theoretical values associated with the 3+ state of the particular RE ion. Slightly larger
deviations occur for Ce;ZneGes with pt.rr = 2.32 11 g compared to Ce** with Merr = 2.54 up.
Such a difference may follow from some hybridization of the 4f ! state of Ce with the conduction
band resulting in deviations from the 3+ integer valence state. Alternatively, one may consider
crystal electric field (CEF) splitting with the uppermost level situated well above the ground
state. To estimate the influence of crystal field splitting, we used the Van Vleck formula to
account for the magnetic susceptibility in the presence of a CEF with hexagonal symmetry.
Additionally, one has to consider molecular field contributions, i.e.

1 1
- = -7 (D

X B XCEF
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Figure 4. (a) Temperature dependent susceptibility x of RE,ZngGes plotted as x ~' versus T;

noH = 1T. The solid curve is a least-squares fit (for details see the text). Data for SmyZneGes
are divided by a factor of three. (b) Low-temperature features of %~ " versus T of RE;ZngGes;
no H=0.1T.

Table 2. Magnetic data® of RE;ZngGes (RE = Ce, Pr, Nd, Sm and Gd).

Effective Paramagnetic Magnetization

Ordering magnetic moment Curie at2Kand6T

temperature (K)  (up) temperature (K)  (up/fu)
CeyZneGes 72 2.32 0.6 1.58
Pr2Zn6Ge3 7.1 34 1.1 2.7
NdyZneGes 4.6 3.55 —6.8 1.56
SmyZngGes 7.3 0.58 —23 —
GdyZneGez  28.8 7.08 —40 22

4 Standard deviations: for measured temperatures smaller than 0.1 K; for deduced temperatures
smaller than 1 K; for effective magnetic moments smaller than 0.05 1 5; for magnetization smaller
than 0.02 wp.

where xcgr is due to crystal field effects and »n is the molecular field parameter. Since the
analysis is based completely on data obtained on polycrystalline samples, xcgr should be
given by

XCEF = X1+ 3x1. 2)

where x| and x are the components parallel and perpendicular to the c-axis, respectively.
Employing the particular expression derived by Mader and Swift for J = 5/2 and hexagonal
symmetry [21] allows us to roughly determine the CEF scheme. A least-squares fit to x (7") of
Ce,ZnsGes reveals the doublet I'; as the ground state followed by I'g about 140 K above and
the uppermost level I's about 400 K above the ground state. Such a significant separation may,
most likely, explain the slightly reduced effective magnetic moment of the cerium ion, deduced
from measurements below room temperature. However, one should keep in mind that this CEF
scheme is just of preliminary nature due to the usage of polycrystalline material and has to
be corroborated by inelastic neutron scattering experiments. The molecular field constants 7
and 1, are 4.7 and 14 emu mol~!, respectively, indicating ferromagnetic interactions.
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Itis interesting to note that the paramagnetic Curie temperature 6, is found to be positive in
the case of the Ce and the Pr based compounds, while 6, is negative for Nd, Sm and Gd (table 2).
In general, the sign of 6, characterizes the type of interaction between the magnetic moments
of the RE ions. While positive values reflect ferromagnetic interactions, negative values are
a signature of antiferromagnetic interactions. Experimental results thus should evidence a
crossover from ferro- to antiferromagnetism. In fact, isothermal magnetization measurements
(figure 5) taken at 2 K evidence substantial changes when proceeding through the series.
Starting with Ce,Zn¢Ges, spontaneous magnetization is found and a value of about 1.6 1 p is
obtained at 6 T. The individual contribution of each Ce ion would then be 0.8 1 5. With respect
to the saturation magnetization associated with the Ce** ion (M,,; = g iJ = 2.14 up), the
observed value appears to be rather small, a finding that has to be attributed to the lifting of the
ground state degeneracy (N = 2J + 1) by CEF effects. Moreover, the rather field independent
M (H) curve at 2 K indicates that the first excited level is well separated from the ground
state doublet, backing the conclusions drawn from susceptibility data. Although the spin
structure of Pr,ZngGes is antiferromagnetic (see figure 3), net magnetization is expected and
in fact found from the isothermal magnetization measurements at 2 K. But at a field slightly
above 1 T, a field induced change occurs, possibly aligning further Pr moments along the
c-axis. Above this spin reorientation, only a slight increase of the magnetization is found
up to 6 T, although the magnetization at 6 T is still below the full value of 5.94 up/fu
expected from neutron data. Differences between the magnetic moment deduced from neutron
data (@ = 2.97 pup/Pratom) and the corresponding value obtained from the isothermal
magnetization curve are caused by the fact that polycrystalline material was used and hence only
a fraction (in general about one-third, since magnetic moments are parallel to the c-direction)
will contribute to the measured bulk effect. Moreover, the saturation value associated with
the magnetic structure presented in figure 3 cannot be derived because an external field of 1 T
triggers a spin reorientation. A rough estimation compares the magnetization of 0.5 upg/Pr
atom, as measured at 2 K and 1 T (just below the spin reorientation), with the value of
about 0.7 pp/Pr atom, as derived from the neutron data: here the resulting 5.94 up per
magnetic unit cell corresponds to 1.97 g per crystallographic unit cell, and when taking into
account the factor of one-third correcting for the uniaxial spin alignment in a polycrystalline
material we arrive at 0.7 up /Pr atom. Nd,ZneGes, SmyZngGes and Gd;ZngGes do not exhibit
spontaneous magnetization, thus some type of antiferromagnetic ground state should be present
as verified for Nd,ZneGes from neutron diffraction (type I antiferromagnet). Metamagnetic
transitions as a further hint to antiferromagnetism occur around 3 T for Nd and 5.5 T for Gd,
respectively.

Figure 6 displays the temperature dependent specific heat (left-hand scale) and the
magnetic entropy (right-hand scale) of two members of RE;ZnsGes;. Non-magnetic
La;ZneGes exhibits at low temperature a smooth increase; a standard plot C,,/T versus T2
below 8 K reveals a Sommerfeld value y =2 mJ mol K= and 8 = 0.001 02 J mol~! K.
This allows us to determine the Debye temperature as ®%7 = 275 K. The application of the
simple Debye model in the whole temperature range up to 100 K, however, does not reveal
convincing fits. In order to derive more accurate information about the lattice dynamics of this
family of compounds, we have not only used a Debye spectrum, rather, Einstein frequencies
are added. The model thus employed can be written as

OR (90 w?(2)2 ®Ei 2
Cph(T) = _3/ (2727-3) do + Z CiR%' (3)
wp Jo  sinh”™(5%) i=T23 sinh”(35)

The first part of equation (3) represents the Debye contribution and the second part accounts
for three additional Einstein frequencies with weights ¢; = 20, ¢; = 5 and ¢3 = 5. A least-
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Figure 5. Isothermal magnetization M of RE>ZngGe;3 plotted as M versus fi.
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Figure 6. Left-hand scale: temperature dependent specific heat of RE;ZneGes, RE = La, Ce, Pr.
The solid curve is a least-squares fit (for details see the text). Right-hand scale: temperature
dependent magnetic entropy of Ce;ZngGes and ProZneGes.

squares fit of equation (3) to the experimental data (solid curve, figure 6) reveals excellent

agreement with ®p = 125K, wg; = 193 K, wgr = 105 K and wgz = 350 K.

Magnetic Ce,ZngGes and Pr,ZngGes are characterized by pronounced anomalies around
7 K, marking the onset of long-range magnetic order. The height of the jump at T = T,,4
evidences bulk properties and excludes impurities from being responsible for the phase
transition observed. The magnetic entropies S,,,, of Ce2ZnsGe; and Pr,ZnsGes are plotted
in figure 6 as filled, small symbols on the right-hand scale. At 7,4, Syq, reaches 10.2 and
11.2 I mol~! K~! per formula unit, respectively, which is roughly twice R In2, expected for



3064 A Grytsiv et al

ordering of two magnetic ions per formula unit in a doublet ground state. CEF originating
from charges in hexagonal symmetry causes a lifting of the ground state degeneracy of the total
angular momentum of Ce (J = 5/2) and Pr (J = 4) and results in Schottky contributions to
the specific heat at higher temperatures. As obvious from the observed entropies, there might
be a significant difference in level splitting between both compounds. While the former (Ce)
shows only a slight increase of S,,,4¢ (T') in the paramagnetic temperature range, the latter (Pr)
reaches 2 x RIn4 at about 60. This indicates that CEF splitting creates a large separation of
the first excited level from the ground state in the case of Ce, but a substantially smaller one
for the Pr based compound. With respect to Ce,ZngGes this observation nicely matches the
findings derived from the magnetic data.

In order to explore the thermoelectric performance of the present family of compounds,
we have studied the temperature dependent electrical resistivity as well as thermopower and
thermal conductivity. The former also allows us to accurately account for phase transitions
in these materials as well. Plotted in figure 7 is the temperature dependent resistivity p(7)
of RE;ZngGes with RE = La, Ce, Pr, Nd, Sm and Gd. Since the investigated materials were
produced in sintered form, we normalized the data to their respective room-temperature values.
To disambiguate the graph, the p(7") curve of La,ZnsGes is shifted by a value of 0.1. Low-
temperature features in p(7") are shown in the inset of figure 7. La;ZnsGe; does not carry
permanent magnetic moments, therefore p(7') should behave like that of a simple metal
following a temperature dependence according to the Bloch—Griineisen law, i.e.,

5 Op/T X dx
o(T) = p0+4R®D(®D) /0 (e* —1)(1 — e—X)~ 4)

Here, pp is the residual resistivity, R is the temperature independent electron—phonon
interaction constant and ®p, is again the Debye temperature. A closer inspection of the data,
however, evidences a rather strong curvature, which usually requires the addition of an extra
term K T3, known as the Mott—Jones contribution [22]. The origin of this term is usually a
narrow band in the vicinity of the Fermi energy. A least-squares fit to p(7T") of LayZneGe;
then reveals a Debye temperature of about 175 K. All the other compounds of this series are
characterized by a pronounced kink at lower temperatures marking the onset of long-range
magnetic order. The absolute values of the transition temperatures are in fine agreement with
the values deduced from susceptibility measurements. Besides the phonon and the residual
contribution, the resistivity in the paramagnetic region also consists of a spin-disorder part oy,
which in the absence of crystal field splitting is expected to be temperature independent [23].
In the case of a Gd ion, the total angular momentum is just composed of the spin moments;
as a consequence, crystal field splitting does not occur and py,4 should be constant. In fact,
Gd,ZngGes shows an almost linear behaviour well above Ty, whereas p(7T) of the other
compounds exhibit characteristic curvatures originating from CEF effects, lifting the ground
state degeneracies associated with the respective total angular momenta of the light RE ions.
Frequently, cerium compounds are characterized by a pronounced Kondo type of
interaction, causing, e.g., a logarithmic contribution to the electrical resistivity and large
negative values of the magnetoresistance as well as enhanced values of the Sommerfeld
constant of the specific heat. The field response of the resistivity of Ce,Zn¢Ges (figure 8)
shows a complicated dependence, being essentially positive for temperatures below 7¢, whilst
magnetoresistance is negative slightly above 7¢ and for fields below 8 T. Well above T¢
magnetoresistance is positive for all fields applied. As positive magnetoresistance in the
magnetically ordered region is usually a fingerprint of antiferromagnetism [24], the isothermal
magnetization curve of Ce,ZngGes taken at 2 K, saturating already in fields of about 1 T, can
only be conceived in terms of a complicated, possibly non-collinear ferromagnetism. If this
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temperatures.

assumption holds, a field induced fully ferromagnetic state is expected to occur for higher fields
than available (12 T). Negative magnetoresistance observed in a certain temperature region
above T¢ complies nicely with quenching of spin fluctuations associated with the magnetic
At higher temperatures classical (positive) magnetoresistance seems to
dominate. The clearly revealed phase transition associated with magnetic ordering is gradually
smeared out in increasing magnetic fields (compare figure 8(a)).

The temperature dependent thermopower S is displayed in figure 9(a). Independent of the
magnetic state, S(7') is negative throughout the investigated temperature range. Moreover, the

phase transition.
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Figure 9. (a) Temperature dependent thermopower S of RE>ZnsGes. (b) Temperature dependent
thermal conductivity A of RE2ZngGes.

absolute values are of comparable magnitude for all compounds studied, reaching —22 £V K~!
for Gd,ZngGes at 240 K. The negative values and the fact that S(7") shows little structure up
to room temperature indicate that primarily electrons are the charge carriers and interactions
between them are small. This also holds for Ce,Zn¢Ges. If Kondo interactions are dominating
the ground state properties of the latter, large S(7')-values could be expected [25] and the
appearance of long-range magnetic order at low temperatures would cause a change of the sign
of thermopower [26] at temperatures well above the transition temperature. These facts point
therefore to a quite normal behaviour of Ce,ZngGes and, thus, the Kondo type of interaction
plays only a minor role. The overall S(T)-values of the series investigated are too small to
be considered for thermoelectric applications. The latter requires, at least, values well above
100 VvV K1

Thermal conductivity has been measured for all compounds in the temperature range
from 4.2 to 300 K (figure 9(b)). Although absolute values seem to be low, thermal conductivity
is probably severely influenced by grain boundary effects in the porous sintered pellets. As
a consequence, irregularities arise out of line with the expected sequence inferred from an
increasing magnetic scattering effect when proceeding from La to Gd. Analysis in terms of
the Wiedemann Franz law results in practically equal contributions of phonons and electrons
to the total measured thermal conductivity.

4. Summary

Ternary RE;ZngGe; compounds with RE = La, Ce, Pr, Nd, Sm and Gd were synthesized
using either an indium—-zinc flux method or a multi-stage sintering process and found to
crystallize in the novel hexagonal Ce,ZngGe; structure with space group P62m. The physical
properties of the present series are characterized by an interesting evolution of the ground state
behaviour, documented by a change from ferro-to antiferromagnetism when proceeding from
Ce,ZngGes to Gd,ZnegGes. The magnetic structures of ProZngGes; and Nd»ZngGes are simple
antiferromagnetic stackings of ferromagnetic (Pr) and antiferromagnetic (Nd) (a, b) planes
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with moments aligned along the c-axis. The investigations carried out on the Ce-containing
compound indicate that the magnetic state is most likely not a simple arrangement of Ce
moments; rather, the observed magnetization values as well as magnetoresistance point at a
more complicated non-collinear alignment of spins where the projection of the moments yields
a net magnetization. Moreover, crystal field splitting (except for Gd), causing a lifting of the
ground state degeneracy, is responsible for reduced moments when compared to the respective
values of the RE** ions. The Kondo effect seems not to be the primary interaction mechanism
determining the ground state physics of Ce,ZnsGes. Although the thermal conductivity of
these ternaries is rather small due to the complex crystal structure, the absolute values of
thermopower do not exceed —22 uV K1,
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