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Neutron-diffraction measurements were performed on polycrystalline samples of 13 different
compounds of the type RM,X, (R, a heavy lanthanide from Gd to Tm; M, the 3d element Fe, Co,
Ni, or Cu; X, Si or Ge), at room temperature and at low temperatures. The crystallographic struc-
ture of these compounds belongs to the tetragonal space group 14/mmm (D}}). It was found that
these compounds, paramagnetic at room temperature, undergo a transition to antiferromagnetism at
low temperatures. The transition temperatures and most of magnetic structures were determined.
Below the transition temperature, magnetic ordering was found only on the R sublattice, and no
magnetic ordering was detected on the M sublattice. The magnetic lattices were found to be charac-
terized by propagation vectors of TE:(O, 0,1) in the cobalt compounds investigated (TbCo,Si,,
HoCo,Si;, DyCo,Ge;, and ErCo,Ge,), K=( %,0, %) in the copper compounds investigated

(TbCu,Si;, HoCu,Si,, TbCu,Ge,, and HoCu,Ge;,), and incommensurate K =(0,0,0.76) in HoNi,Ge,
(unsolved incommensurate in other nickel compounds and in iron compounds). Together with previ-
ously published results on other RM,X, compounds, the magnetic lattice is found to vary with M
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and be almost invariant to R.

I. INTRODUCTION

Polycrystalline samples of the ternary compounds of
the composition AB,X, (A4, a lanthanide or actinide; B, a
3d, 4d, or 5d transition element; X, silicon or germanium)
have been extensively studied by x-ray diffraction.!~> All
these compounds were found to be isostructural with the
ordered BaAl,-type tetragonal structure [space group
I4/mmm (D}}); Ref. 16]. The tetragonal unit cell is ap-
proximately 4X4x 10 A? for all compounds (c/a ~2.5),
and contains two formula units (Fig. 1). The atoms A4, B,
and X occupy the positions 2a, 4d, and 4e, having the
point-group symmetries 4/mmm, 4m2, and 4mm,
respectively.!® In the LnB,X, compounds (Ln denotes
lanthanide), the crystallographic properties vary slowly
and monotonically across the lanthanide
series, >~ 810121415 with only Ce, Eu, and Yb forming
some exceptions to this rule. ’

Magnetic susceptibilities have been measured as a func-
tion of temperature in many of the A4B,X, com-
pounds.!>!%17=32 Many of the investigated compounds
were found, upon cooling, to undergo magnetic transitions
into ordered states: ferromagnetic, antiferromagnetic, and
ferrimagnetic. Some of these compounds undergo several
transitions.!>?>32  Neutron-diffraction studies of AB,X,
compounds have been reported.>*~>’ In most magnetically
ordered compounds, the A4 sublattice was found to be or-
dered, but in some cases ordering was found also on the B
sublattice or on both sublattices.?3#*1:53 In the neutron-
diffraction studies of the compounds with A-sublattice or-
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FIG. 1. Crystallographic unit cell of the ternary AB,X, com-
pounds with the atoms 4, B, and X occupying the 2a, 4d, and
4e positions (z~%), respectively, belonging to the space group
I4/mmm (ordered BaAl,-type tetragonal structure).
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dering, ferromagnetic and antiferromagnetic structures
were found, the latter being commensurate or incommen-
surate with the tetragonal crystallographic lattice. In the
commensurate antiferromagnetic compounds, propagation
vectors, k=(0,0,1), (0,0,3), (3,0,3), (3,3,0), and
(4,%,7), were observed, with the corresponding doubling
of the tetragonal translation, in zero, one, two, two, and
three directions, respectively (the latter being reported in
Ref. 54).

Some of the magnetic results were corroborated by
Mossbauer-effect studies.”!*233236.58—66 Thys fast mag-
netic fluctuations (in EuCu,Si,) were observed.”® Second-
order magnetic transitions were observed in some com-
pounds,>®% and first-order ones in others.?*> One there-
fore deals with a variety of magnetic properties in the
AB, X, compounds. Recently, single crystals of TbRh,Si,
and CeCu,Si, were prepared and studied by magnetic
measurements.>>’

In the present work we confine ourselves to the RM, X,
compounds (R, a heavy lanthanide from Gd to Tm; M, a
3d element Fe, Co, Ni, or Cu; X, Si or Ge), a total of 48
compounds. Many of these compounds have been studied
and found to be antiferromagneticc. We report our
neutron-diffraction results for the following 13 com-
pounds: TbFe,Si;, TbCo,Si;, HoCo,Si;, HoNi,Si,,
TbCu,Si;, HoCu,Si,, TbFe,Ge,, DyCo,Ge,, ErCo,Ge,,
TbNizGez, HONizGez, “CUzGez, and HOCUzGez. In
several of these compounds preliminary results are report-
ed. While the present research was in progress, neutron-
diffraction results obtained in other laboratories were pub-
lished for TbCo,Si, (Refs. 40, 45, and 46), HoCo,Si,
(Refs. 45, 46, and 48), and ErCo,Ge, (Ref. 47).

In Sec. II we report experimental details on sample
preparation and characterization, and the determination
of magnetic structures. In Sec. III we report our experi-
mental results. In Sec. IV we discuss our results in the
context of the systematics within the RM,X, system of
compounds.

II. EXPERIMENTAL DETAILS

A. Sample preparation and characterization

Powder samples of the RM,X, compounds were syn-
thesized by arc-melting, under argon atmosphere, of
stoichiometric amounts of the R, M, and X elements with
purities of 99.9% or higher. All the samples were charac-
terized by x-ray diffraction, using Cu Ka radiation.
Several of the samples were annealed in vacuum for 5 d at
800°C. No change was obtained in either room-
temperature or low-temperature diffraction patterns, ex-
cept for the TbCu,Ge, sample, where annealing affected
the low-temperature pattern. For all samples prepared,
the x-ray-diffraction patterns (mainly at room tempera-
ture) yielded the correct crystallographic structure, with
lattice parameters in agreement with the published
values.> 78 12:20,21,24,29,40,45—48 A dditional weak x-ray re-
flections in some compounds indicated the presence of im-
purities or small amounts of foreign phases. These reflec-
tions were also found in the neutron-diffraction patterns,
where they appeared to be weak, did not show any change
with temperature, and did not' interfere with the low-

temperature magnetic reflections. We therefore disregard-
ed these additional reflections.

All powder samples used in the neutron-diffraction
measurements were encapsulated in cylindrical aluminum
cans (14 mm in diameter), except for the DyCo,Ge, sam-
ple, which was encapsulated in a flat sample holder (2 mm
thick), the absorption correction factor D for this sample
being ~2.4 (Ref. 43) (which corresponds to an effective
thickness of 1.5 mm).

The neutron-diffraction measurements were performed.
at the IRR-2 reactor (at NRC-Negev) using neutrons with
a wavelength A~2.45 A. The A/2 component was re-
moved from the beam using a 52 mm thick highly orient-
ed pyrolytic graphite filter. The room-temperature
neutron-diffraction patterns were analyzed using a least-
squares program which “best fitted” the calculated to the
observed integrated intensities. These analyses yielded
structural parameters in agreement with those published

earlier.
B. Determination of magnetic structures

In order to investigate the magnetic structures of the
various compounds prepared, neutron-diffraction patterns
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FIG. 2. Neutron- (~2.45 A) diffraction patterns at low tem-
peratures, for three representative magnetic structures in the
RM)X, compounds investigated in the present study. (a)
TbCo,Si, at 4.2 K, with E=(0,0,1) [see configuration in Fig.
4(a)]—crystallographic lines indexed; (b) TbCu,Si, at 4.2 K, with
E’:(%,o,%) [see configuration in Fig. 4(b)]—crystallographic
lines as in (a); (c) HONi,Ge, at 2.1 K, with K =(0,0,0.76) (incom-
mensurate magnetic configuration)—crystallographic lines as in
(a). N denotes allowed crystallographic lines.
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FIG. 3. Peak intensity versus temperature curves for the
three representative RM,X, compounds of Fig. 2. (a)
TbCo,Si,—{010} magnetic reflection; (b) TbCu,Si,—{+ 0~}
magnetic reflection; (c) HoNi,Ge,—{000}* magnetic reflection.

(A~2.45 A) were obtained at 4.2 K (liquid-helium tem-
perature), or at 2.1 or 1.9 K (pumped-liquid-helium tem-
perature), in cases of low magnetic ordering temperatures,
ensuring as large magnetic moments as possible.

In Fig. 2 three low-temperature patterns are shown for
TbCo,Si,, TbCu,Si;, and HoNi,Ge,, as examples of the
diversity of magnetic structures found in the investigated
compounds. Compared with the corresponding room-
temperature patterns, the low-temperature patterns of all
three compounds included extra reflections. These are the

magnetic reflections which result from the ordered mag-
netic lattice. The corresponding propagation vectors k
were found and the patterns indexed accordingly. The k
vectors found for the various compounds were commen-
surate or incommensurate with the crystallographic unit
cell. The magnetic structures (moment direction and
magnitude, and possible modulation) were calculated by
least-squares fitting of the calculated to the observed in-
tegrated intensities. We used for the magnetic form fac-
tor the approximation f=exp(—C sin?/A?), consistent
with Freeman and Watson,®® with C values of 4.8, 3.83,

~and 3.83 A? for terbium, dysprosium, and holmium,

respectively. The transition temperatures were obtained
from plots of peak intensity versus temperature of at least
one magnetic reflection for each compound. Examples of
such measurements (for the compounds of Fig. 2) are
given in Fig. 3.

III. RESULTS

The experimental results of the neutron-diffraction
study of the 13 RM,X, compounds are given in Tables I
and II. The structural analysis, including the lattice pa-
rameters and the weighted R factors, both at room and
liquid-helium temperatures, was carried out to date in full
only for several of the RM,X, compounds, and the re-
sults are listed in Table I. The measured Néel tempera-
tures (Ty) for all 13 compounds are given in Table II. In
HoNi,Si, and TbNi,Ge,, there are indications for a
second magnetic transition below 7. The magnetic
structure parameters, except for four iron and nickel com-
pounds, for whom the magnetic structures are incom-
mensurate with the crystallographic unit cell and have yet
to be solved, are given also in Table II. These parameters
include the E-propagation vector and the direction and
magnitude of the magnetic moment. Magnetic ordering
was found only on the R sublattice, and no magnetic or-
dering was detected on the M sublattice. In the nine com-
pounds where the K vector was determined it is (0,0,1) in
four cases (all cobalt compounds), (%,O,%) in four other
cases (all copper compounds), and (0,0,0.76) (i.e., incom-
mensurate) in one case, namely HoNi,Ge,. The magni-
tude of magnetic moment was determined in six com-

TABLE I. Crystallographic parameters and weighted R factors obtained for several RM,X, compounds from neutron-diffraction

patterns at room and liquid-helium temperatures.

Parameters at 300 K

Parameters at 4.2 K

g £ R* g ¢ R*

Compound (A) (A) z (%) (A) (A) z (%)
TbCo,Si, 3.896 9.766 0.371 7.7 3.888 9.746 0.369 5.6
TbCu,Si, 3.988 9.966 0.383 2.8 3.984 9.947 0.385 3.9
HoCu,Si, 3.966 9.977 0.382 6.0 3.950 9.977 0.374 7.0
DyCo,Ge," 3.966 10.024 0.372 10.2 3.966 10.024 0.373 14.7
TbCu,Ge,° 4.044 10.266 0.381 35 4.044 10.266 0.380 3.8

2R =100({ 3 [ (Lops — T catc) /0 1} /[ 3, (Iobs /7)*])!/%, where o is the experimental error in I ;.

®Lattice parameters from Ref. 7.
“Lattice parameters from Ref. 3.
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TABLE II. Transition temperatures Ty and the magnetic structure parameters for the 13 RM,X,

compounds investigated in the present study.

Magnetic structure parameters

Txn 7 u4.2 K)
Compound (K) X direction ()
TbFe,Si, 10.5 Incommensurate
TbCo,Si* 46 (0,0,1) 1 9.2
HOCOzsizb 10.2 (0,0, 1) | |—é
HoNi,Si, 4.2, 3.1 Incommensurate )
TbCu,Si, 13 ($,0,7) 138, [110] 8.6
HoCu,Si, 8 (+,0,%) 132, [010] 6.5
TbFe,Ge, 7.5 Incommensurate
DyCo,Ge, 16 (0,0,1) < 9.5
ErCo,Ge,° 4.2 (0,0,1) 13
TbNi,Ge, 16, 9 Incommensurate
HoNi,Ge, 6 (0,0,0.76) 173¢ (spiral) ~8 (2.1 K)
TbCu,Ge, 13 (+,0,3) 1%, [110] 8.6
HoCu,Ge 6.5 (+,0,%) 12

aSame Kk and moment direction as in Refs. 40, 45, and 46; T =30 K in Ref. 45 and 45 K in Refs. 40
and 46; u (4.2 K)=8.8up and 8.9up in Refs. 45 and 46, respectively.
bSame k and moment direction as in Refs. 45, 46, and 48; Ty =10, 12, and 13 K in Refs. 46, 48, and

45, respectively.
°Same Ty, Tf, and moment direction as in Ref. 47.

pounds. The direction of the magnetic moment was
determined in full for six compounds and in part for the
remaining three compounds. The magnetic configura-
tions of the commensurate structures obtained in the
present study are illustrated in Fig. 4. The results of the
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FIG. 4. Magnetic configurations of the R-sublattice com-
mensurate with the crystallographic lattice of the RM,X, com-
pounds investigated in the present study. Eight crystallographic
unit cells are shown (one of them in bold lines). Solid and open
circles represent two ferromagnetic sublattices coupled antifer-
romagnetically. (a) Configuration with X =(0,0,1)—ferro-
magnetic (00)) planes coupled antiferromagnetically, and the
crystallographic tetragonal unit cell is conserved [corresponding
pattern in Fig. 2()]. (b) Configuration with X
=(%,0,%)——ferromagnetic (101) planes coupled antiferromag-
netically, and the unit cell is doubled both in the @ and ¢ direc-
tions [corresponding pattern in Fig. 2(b)].

neutron-diffraction study are given in the following,
where the 13 compounds investigated are classified ac-
cording to the 3d transition metal M.

A. Cobalt compounds

TbCo,Si,, HoCo,Si,, DyCo,Ge,, and ErCo,Ge, were in-
vestigated. All these compounds have a low-temperature
pattern similar to the one shown in Fig. 2(a), where all
magnetic {hkl} reflections with h 4k -+ even are absent.
This pattern is consistent with a type-I antiferromagnetic
structure with a propagation vector k=(0,0,1) [see Fig.
4(a)]. The absence of the {00/} magnetic reflections (ex-
cept in the erbium compound) is consistent with a mag-
netic axis along the crystallographic ¢ axis. In ErCo,Ge,
(at 2.1 K) a magnetic {001} reflection is present, indicat-
ing canting of the magnetic moment from the c axis, in
agreement with the reported*’ angle of 90°.

The transition temperatures (Table II) were measured
from the peak intensity versus temperature curves [see
Fig. 3(a)] on the magnetic reflections {010}, {012}, and
{111} for TbCo,Si;, {010} for HoCo,Si,, {010} and
{012} for DyCo,Ge,, and {001} for ErCo,Ge,.

B. Copper compounds

TbCu,Si;, HoCu,Si;, TbCu,Ge,, and HoCu,Ge, were
investigated. All these compounds have at 4.2 K, a pat-
tern similar to the one shown in Fig. 2(b), where magnetic
{h/2 k 1/2} reflections appear with odd h and I. This
pattern is consistent with a magnetic configuration with
propagation vector k=(2,0,7) [see Fig. 4(b)]. The same
configuration was reported for DyCu,Si, (Ref. 43) and
DyCu,Ge, (Ref. 57). From a least-squares best fit of the



512 H. PINTO, M. MELAMUD, M. KUZNIETZ, AND H. SHAKED 31

calculated to the observed integrated magnetic intensities,
the magnetic moment is found to be in the basal plane,
perpendicular to the tetragonal c¢ axis. The direction of
the moment, except for HoCu,Ge,, is given in Table II.
The compound TbCu,Ge, exhibited additional magnetic
reflections, incommensurate with the crystallographic lat-
tice, in the low-temperature pattern before annealing, as
mentioned in Sec. II A; these additional reflections were
absent after, the annealing. The low-temperature pattern
for HoCu,Ge, includes weak additional incommensurate
reflections, which are also expected to disappear after an-
nealing. The transition temperatures (Table II) were mea-
sured from the peak intensity versus temperature curves
[see Fig. 3(b)] on the magnetic reflections {3 0+},
{$0%}, and {313} for TbCu;Sir, {707}, (707},
and {303} for HoCu,Si,, and {-;—O%} for TbCu,Ge,
and HoCu,Ge,.

C. Nickel compounds

HoN:i,Si,, TbNi,Ge,, and HoNi,Ge, were investigated.
The room-temperature neutron-diffraction patterns are in
agreement with the crystallographic structures. However,
the low-temperature patterns (at 4.2 and 2.1 K) show the
existence of incommensurate structures. These have not
yet been solved for HoNi,Si, and TbNi,Ge,. In these
compounds the magnetic reflections yield two transition
temperatures in each: 4.2 and 3.1 K in HoNi,Si, and 16
and 9 K in TbNi,Ge,. In HoNi,Ge, the room-
temperature and low-temperature patterns indicate no
detectable change in the lattice parameters (a=4.021 A
and ¢=9.757 A). The incommensurate magnetic struc-
ture at 2.1 K is consistent with a spiral having a propaga-
tion vector E=(0,0,0.76) and a turning axis along this
propagation vector. The magnetic moment is ~8up and
is perpendicular to the c axis. The 2.1 K pattern is shown’
in Fig. 2(c). The transition temperature (Table II) was de-
duced from peak intensity versus temperature curves for
the {000}* and {002}~ magnetic reflections [Ty =(6+1)
K; see Fig. 3(c)].

D. Iron compounds

TbFe,Si, and TbFe,Ge, were investigated. The room-
temperature neutron-diffraction patterns are in agreement
with the published crystallographic structures. However,
the low-temperature patterns (at 4.2 and 2.1 K) show the
existence of the incommensurate structures, to be solved
in the future. The transition temperatures (Table II) were
derived from the most intense magnetic reflections, at
20=16.1° for TbFe,Si, and 20=7.6° for TbFe,Ge,.

IV. DISCUSSION

The magnetic system in the RM,X, compounds con-
sists of localized 4/ moments on the R ions and localized
3d moments of the M ions. The localized moments in-
teract directly, and indirectly via the itinerant s electrons.
The direction and magnitude of the ordered magnetic mo-
ments are affected by the local crystalline electric field
(CEF). By discussing the experimental results we shall be
able to assess which of the above interactions plays a

dominant role in determining the magnetic properties of
these compounds.

The RM,X, compounds are paramagnetic at room
temperature and undergo a transition to antiferromagnetic
ordering of the R sublattice at low temperatures (Table
IIT). Magnetic ordering of the M sublattice was not found
in any of the compounds investigated in the present study.
One should, however, recognize the fact that the analyses
of the diffraction patterns are not sensitive to small mag-
netic moments on the M sublattice. Isostructural com-
pounds, with R replaced by La, Lu, and Y (diamagnetic
ions), show Pauli paramagnetism down to 4.2 K, with no
sign of magnetic ordering.'®* The Néel temperatures and
magnetic structure parameters of the RM,X, compounds,

obtained in the present work and in other
works, 1318:20,21,24-26,28,29,41,43—49,53,57,60,62~65 516 cimma_
rized in Table III.

The reported transition temperatures of the RM,X,
compounds (Table III) are shown schematically as a func-
tion of R and M, separately for Si and Ge, in Fig. 5. The
highest transition temperatures are found in the cobalt
compounds. Upon variation of R, the transition tempera-
ture follows the de Gennes function,® T'J(J+1)(g —1)?,
for M= Fe, Co, and Ni, whereas it seems to deviate from
this function in the copper compounds. The de Gennes
function behavior indicates that the dominant magnetic
interaction is indirect, via polarization of the conduction
electrons, namely the Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction.*’

The various low-temperature magnetic structures found
in the RM,X, compounds belong to several magnetic
configurations. The magnetic configuration varies with
the 3d element M, and seems to be almost independent of
the R ion (Table III). The iron and nickel compounds
have mostly incommensurate K vectors for the magnetic
structures, except for ErFe,Si;, with k=(0,0,2),> and
TbNi,Si,, with kK=(+,2,0).4> The cobalt compounds
have k=(0,0,1), hence changing the body-centered
translation into an antitranslation [Fig. 4(a)]. On the oth-
er hand, the copper compounds have E=(—;—,O,—;-), hence

Ty (K)

Ty (K)

FIG. 5. Transition temperature Ty (circles) of the RM,X,
compounds plotted as a function of R for the various M, with
the corresponding de Gennes functions (dashed lines). (a)
X=Si; (b) X=Ge.
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TABLE III. Magnetic structure data for the 48 RM, X, compounds. First row: transition temperature Ty (in K); second row:

propagation vector k; third row: magnetic moment direction (3 denotes angle with a crystallographic axis); fourth row: magnetic
fnoment magnitude at 4.2 K (in up) (or at lower temperature, when indicated). Data where no references are indicated were obtained
in the present study. Incommen. denotes incommensurate magnetic structure.

- RMlez RMZGCZ
R RFe2512 RC02si2 RNIZSIZ RCUZSiz RFelGez RCO2GCZ RNizGez RCUZGez
Gd g¢° 44°, 46.4° 11.6,* 15.5° 12149 11558 40n 22¢ 12,' 14°
90°%C 2 78°% €2 10°% ¢ 90" ¢
Tb 10.5 46 10/ 13 7.5 31k 16; 9 13
Incommen.  (0,0,1) +>5,0)3 (5,0,4) Incommen.  (0,0,1) Incommen.  (4,0,+)
¢ e’ 13, [110] ek 138, [110]
9.2 8.8 8.6 8.84% 8.6
Dy 3.8 21m 7° <422 IIm 16 gho -
0,0, 5,0, 5)" 0,0,1) (7,0,3)°
em 12, [o10]™ I 70°%¢, 30°x3°
9.5 8.3m 9.5 8 3 K
Ho 2.2 10.2 4.2; 3.1 8 8.5 6 6.5
(0,0,1) Incommen.  (4,0,%) 0,0,1) (0,0,0.76) (+,0,%3)
e 132, [010] gk 12, spiral 138
) 8.1 9.8,° 10.4 6.5 8.12+8.28 ~8 (2.1 K)
Er 2.6 6,5t 119 2.0-+4.8¢ <4.2° ~4.2 <4.2!
00,5 ©0,0,1%" ©0,0,1)
[er 56.2°% ¢, 1@° 12
74 (1.8 KY 6.75! 8.79 73 (2.0 KV
Tm <1.3! 3 2.8, 7.0¢ <4.2b <4.2!
(0,0,1)%
i
6.2 (2.0 K)¥

“Reference 60.
"Reference 25.
‘Reference 26.
dReference 29.
“Reference 13.
fReference 20.

8Reference 21.
hReference 18.
iReference 28.
iReference 45.
kReference 41.
'Reference 65.

mReference 43.
"Reference 62.
°Reference 57.
PReference 48.
dReference 46.
"Reference 53.

‘Reference 64.
‘Reference 44.
UReference 24.
VReference 47.
“Reference 49.
*Reference 63.

doubling the tetragonal unit cell in the X (or ) and %
directions [Fig. 4(b)]. This interesting dependence of the
magnetic configuration of the R sublattice on the M ion
is perhaps through the density of the conduction elec-
trons, contributed by the M ions.

The direction of the magnetic moment is not fixed for a
given M. We believe that the direction is determined by
the interaction between the crystalline electric field and
the magnetic R ions. We have evidence of the existence
of such an interaction in CEF transitions, which have
been observed with inelastic neutron scattering.”” The
magnitude of the magnetic moments is somewhat smaller
than the corresponding free-R-ion values. Most likely,
this is also due to CEF effects.

The actinide compounds A4B,X, (A denoting an ac-
tinide) exhibit, in general, magnetic structures similar to

those in the LnB, X, compounds (see Refs. 36, 39, 42, and
51). The systematics of the magnetic structures in the ac-
tinide compounds has not yet been discussed. We may,
however, point out in passing that the transition tempera-
tures for the actinide compounds are generally higher
than those in the corresponding lanthanide compounds.
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