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HoNiGe and ErNiGe crystallize in an orthorhombic TiNiSi-type structure with the space group Pnma. Neutron diffraction
measurements at low temperatures indicate magnetic structures with the wavevectors k;=[1/2, 0, 1/2] for HoNiGe and
k, =10, 1,2, 0] for ErNiGe. With an increase in temperature, a change in the magnetic structure to a modulated one with
the wavevector ki =[0.469, 0.221,0.426] at T = 2.55 K for HoNiGe and k}=[0,0.5,0.084) at T =2.36 K for ErNiGe is
observed. The magnetic structures determined are verified by symmetry analysis.

1. Introduction

A large number of ternary rare earth inter-
metallic compounds with the general formula
RTX (where R is a rare earth element, T is a
transition 3d element and X is Si or Ge) are
known to exist [1-3]. These compounds crystal-
lize in 12 different types of structure [3-5]. Sys-
tematic studies of the magnetic properties were
performed only for some groups [6]. In this work
we present the results of X-ray and neutron
diffraction as well as magnetometric measure-
ments undertaken in order to determine the crys-
tal and magnetic structures of HoNiGe and
ErNiGe.

The RNiGe compounds crystallize in the or-
thorhombic TiNiSi-type structure [7]. From mag-
netometric measurements it follows that the com-
pounds with Gd, Tb, Dy and Er are antiferro-
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magnets the Néel temperatures 11, 7, 9 and 6 K,
respectively [7].

2. Experimental details

Both compounds were synthesized by arc melt-
ing stoichiometric amounts of the high-purity
components. The samples were subsequently an-
nealed in vacuum for 12 days at 800°C. The X-ray
diffraction patterns of both compounds consisted
of a large number of lines characteristic of an
orthorhombic crystal structure. The magnetomet-
ric measurements were carried out using a RH-
Cahn balance in the temperature range 2-293 K.
The neutron diffraction data were obtained by
means of the neutron powder diffractometer G4.1
installed at the Orphée reactor (Laboratoire Léon
Brillouin, Saclay) with an incident neutron wave-
length of 2.426 A. Neutron scattering lengths
were taken from the Delapalme work [8] and the
Ho?** and Dy?* form factor was taken from
Freeman and Desclaux [9].
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Table 1
Crystal structure data for the HoNiGe and ErNiGe com-
pounds

HoNiGe ErNiGe
T (K) 30 8
a(A) 6.852(5) 6.801(3)
b(A) 4.202(4) 4.188(3)
c A 7.263(8) 7.243(5)
xR 0 0
ZR 0.7071(4) 0.7048(6)
XNi 0.1945(2) 0.1935(2)
Ini 0.0847(3) 0.0983(3)
XGe 0.3055(2) 0.3065(4)
ZGe 0.4153(3) 0.4017(3)
R (%) 7.84 4.42
3. Results

3.1. Crystal structure

The reflections observed in the neutron
diffraction patterns obtained in the paramagnetic
region (30 K for HoNiGe and 8 K for ErNiGe
compounds) are consistent with the space group
Pnma (D33) of the orthorhombic TiNiSi struc-
ture. The R, Ni and Ge atoms are in 4(c) posi-
tions: x,1/4,z;X,3/4,2;1/2+x,1/4,1/2 — z;
1/2-x, 3/4, 1/2+z. The experimental data
were analyzed by the Rietveld method [10] in
which three pairs of (x, y) parameters were sub-
jected to a least-squares calculation. The parame-
ters corresponding to the minimum of the relia-
bility factor are listed in table 1.

3.2. Magnetic properties

The temperature dependence of the magnetic
susceptibility of HoNiGe and of ErNiGe have
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Fig. 1. Temperature dependence of the magnetic susceptibil-
ity and reciprocal susceptibility for HoNiGe (a) and
ErNiGe (b).

maxima at 5 and 2.9 K, respectively (see fig. 1),
which are characteristic of a transition to an
antiferromagnetic state. At higher temperatures
the magnetic susceptibility is fitted by the rela-
tion:

C

=xo+ ———.
X =Xo T-6,

The values of x,, effective magnetic moment and
paramagnetic Curie temperature are listed in

Table 2
Magnetic data for the HoNiGe and ErNiGe compounds
Compound Ty (K) Op (K) Lot (up /R3T) Xo (cm®/g) Ref.
Exp. Theor.
HoNiGe 5.0 —2.6 11.2 10.61 5.110°° this work
-3 10.43 7
ErNiGe 29 -14 9.19 9.58 5.410°% this work

6 -4 9.28

(7
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table 2. The values of these parameters are com-
pared with the data in ref. [7].

3.3. Magnetic structure

3.3.1. HoNiGe

The magnetic reflections in the neutron
diffraction pattern of HoNiGe obtained at T =
1.65 K (see fig. 2) correspond to a magnetic unit
cell doubled along the a- and c-axes. The reflec-
tions are indexable by &, k,,, /., indices which
obey the following rule:

ho=h/2, k,=<k, 1,=1/2;
h, k, I odd integers.
This indicates a magnetic structure with the prop-
agation vector k, =[1/2,0,1/2].
The models of magnetic structure were subse-

quently verified by comparison of calculated and
observed intensities. The minimum R factor ob-

tained (see table 3) corresponds to the model in
which the magnetic moments located on ions 1
and 2, and also on ions 3 and 4, are coupled
ferromagnetically inside the chemical unit cell,
but antiferromagnetically between pairs. The Ho
atoms form chains running along the a-axis in
which the moments are coupled in the sequence
+ + — —. The magnetic moment is parallel to the
a-axis (see fig. 3). The refined value of the mag-
netic moment of Ho3* ion at T = 1.65 K, 9.98(5)
wp equals the free-ion value for Ho>* (g/ = 10).

With an increase in temperature a decrease in
intensities corresponding to the collinear struc-
ture is observed. New reflections result from a
modulated structure. In the neutron patterns at
T = 2.2 K peaks caused by two types of magnetic
structure are observed. The peaks observed in the
neutron diffraction pattern obtained at 7 =2.55
K correspond to a high-temperature phase. These
reflections can be indexed with the wavevector
ki =[0.469, 0.221, 0.426]. A three-component

Table 3
Magnetic intensities for HoNiGe: the indices refer to the orthorhombic chemical cell and the reflections Akl * are given satellite at
T=25K
T=165K T=255K
hil 2 ecalc 2 eobs I calc I obs hikl 2 6calc 2 6obs I calc I obs
101 13.98 13.96 1999.9 1998.6 000t 14.51 14.51 3379 338.9
103 30.83 30.81 162.2 1034 101~ 17.07 17.06 16.6 21.3
301 3233 32.22 331.1 3222 011~ 29.44 29.41 67.2 433
111 36.50 36.55 109.2 63.0 10-1- 30.57 30.58 5.4 5.0
303 41.83 43.88 143.4 729 002~ 32.84 61.5
113 46.2 46.23 238.9 255.6 200~ 33.35 32.88 62.1 119.0
311 47.27 47.31 144.7 1215 -101~ 33.50 6.0
105 50.53 50.68 3447 3415 01-1- 39.34 39.68 49.0 48.3
501 53.54 53.58 114.9 100.7 101+ 41.95 } 4178 2.3 } 2.6
313 55.47 55.63 242.0 288.1 211° 42.65 ’ 41.6 ’
305 59.33 59.41 95.3 100.0 0-11- 43.7 48.0
202~ 45.0} 44.68 20.5 } 50.6
002+ 49.44 51.6
21-1- 50.16 } 49.53 38.8 } 106.0
o011t 51.10 223
~112- 51.14} 51.00 5.7} B0
103~ 52.76 124
200% 53.08 52.78 24.1 } 35.0
1-12~ 53.18 7.7
2-11- 53.84 - 19.5 0
301 55.03 - 1.4 0

R (%) 7.96
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Fig. 2. Neutron diffraction diagram of HoNiGe at various
temperatures. The shaded peaks arise from HoNi,Ge,
impurity.

wavevector describes a modulation in the mag-
netic structure of either the magnetic moment
amplitude (sinusoidal) or of the magnetic mo-
ment direction (spiral). On the basis of intensity
calculations it has been found that the spiral
structure explains the observed intensities better
than the sinusoidal one (see table 3). The spiral
axis forms an angle of 61(15)° with the c-axis and
16(10)° with the g-axis. The magnetic moment at
T=255Kis 4.07(10) .

The temperature dependence of the 101 and
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Fig. 3. Magnetic structure of HoNiGe at low temperatures.

000 * reflections as well as the value of magnetic
moment are shown in fig. 4. In the temperature
region 2.0-2.5 K the coexistence of two phases is
observed. The temperature dependence of the
000 * magnetic reflection indicates the Néel tem-
perature as Ty = 2.75(5) K which is smaller than
that given by magnetic measurements (see
table 2).
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Fig. 4. Temperature dependence of the magnetic intensity of

different types of reflection lines associated with two magnetic

structures having propagation vectors k,=[1/2,0,1/2] and
k1=10.469, 0.221, 0.42], respectively.
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Fig. 5. Neutron diffraction diagram of ErNiGe at various
temperatures.
3.3.2. ErNiGe

The magnetic reflections observed on the neu-
tron diffraction pattern of ErNiGe recorded at

T=1.65 K (see fig. 5) were indexed assuming a
magnetic unit cell doubled along the b-axis. This
corresponds to a magnetic structure with the
propagation vector k, = [0, 0.5, 0]. The models of
magnetic structure were verified by comparison
of the calculated and observed intensities. The
minimum of the R factor (see table 4) corre-
sponds to the model in which the magnetic mo-
ments are located on the Er®* ions and in which
they are coupled + — + — inside the chemical
unit cell, but antiferromagnetically in the mag-
netic one (see fig. 6a). The magnetic moment is
equal to 9.05(5)u and forms an angle of ¢ = 65°
with the a-axis.

With increase in temperature, changes in the
diffraction patterns are observed. The diffraction
pattern taken at 7 = 2.36 K contains two groups
of magnetic reflections. The first group repre-
sents the reflections corresponding to the
collinear commensurably modulated magnetic
structure with the wavevector k, =[0, 0.5, 0] ob-
served also at low temperature. The second group
of reflections corresponds to the incommensu-
rably modulated component of the magnetic mo-
ment. The additional magnetic reflections appear
as satellites with the wavevector kj=(0, 0.5,
0.084).

The minimum of the reliability factor (see table
4) corresponds to the model for which the mag-
netic moment parallel to the b-axis equals p =
7.04(15)p 5 and forms a sine-modulated structure.

Table 4

Magnetic intensities for ErNiGe: the indices refer to the orthorhombic chemical cell and the reflections hkl* are given satellites at
T=25K

T=165K T=25K

hkl 2 Gca]c 2 9obs I calc I abs hkl 26cak: 2 6obs I calc I obs
010 16.65 16.63 23.51 2226.4 000 * 16.73 16.80 528.6 532.2
011 25.58 25.58 2032.4 2234.2 011~ 24.36 24.40 247.6 244.7
111 33.03 33.03 139.0 110.2 01-1- 26.85 26.70 2194 218.6
012 42.80 42.83 551.8 553.4 101~ 32.08 32.10 16.8 13.2
210 45.30 45.33 195.3 67.7 101+ 34.05 33.95 153 13.2
112 47.93 48.03 297.0 362.6 002~ 41.23 41.05 68.9 43.3
211 49.65 49.68 416.3 237.8 002+ 44,40 44,60 58.7 54.2
030 51.50 51.63 215.0 202.8 112~ 46.5 46.7 35.1 30.0
031 55.5 55.52 344.0 330.6 211 49.00 49.25 477 60.2
R (%) 8.8 5.6
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Fig. 6. Magnetic structure of ErNiGe: (a) low-temperature phase, (b) high temperature phase in the projection on the ab and bc

planes.

At T=27 K three new reflections are ob-
served. These reflections can be indexed as satel-
lites of the basal reflections with the propagation
vector k = (0, 0, 0.37). The analysis of the intensi-
ties suggests a modulated magnetic structure. In
this pattern peaks corresponding to the previous
magnetic structures are observed. This is why a

clear description of the magnetic structure of the
new phase is difficult.

The temperature dependence of the reflec-
tions 010 and 011~ are shown in fig. 7. This
dependence indicates the coexistence of two mag-
netic phases between the temperature 2.36 K and
the Néel temperature (2.90(5) K).
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Fig. 7. Temperature dependence of the magnetic reflections
010 and 011~ and value of magnetic moment for ErNiGe.

4. Symmetry analysis

Group-theoretical calculations based on the
Bertaut [11] and Izyumov method [12,13] have
been made for HoNiGe and ErNiGe.

Group-theoretical calculations known as the
symmetry analysis method allow the possibility of
finding all models of the magnetic structures ad-
mitted by the paramagnetic phase symmetry after
the phase transition. These models, regarded as
some axial function determined on a given set of
equivalent positions with symmetry group G, may
be given as the linear combinations of basis vec-
tors of this space group representations:

S(ry="X ! (D
v,AA
(v, A and [/ number the representation, its dimen-
sion and arms of k vector, respectively). The
so-called ‘magnetic representation’ may be pre-
sented as the direct sum of such number of
irreducible representations of the symmetry space
group. This representation may appear in (1).
The functions S(r) must be real, so when the
irreducible representations are complex and the
corresponding basis vectors are complex, in the
decomposition (1) two conjugate representations
have to appear. When the structures are should

incommensurate they be described by modes (the
parts of basis vectors connected with given posi-
tions in the crystal cell) belonging to two arms of
the k vector star: k, and k, = —k,.

The linear combination of modes in the form:

s, =M eik-t,1 +M* e—ik~t,,
=25y(m, + pm,) cos(k-t,), (2)

M=(m, +pm,); m,-m,=0; m?}=m}

gives the sine-modulated structure with magnetic
moments in the m,, m, plane. The linear combi-
nation in the form:

Sn =M eik't,, +M* e—ik~t,,

=2sy(m, - cos(k-t,) +pm,- sin(k-t,)),

2_ .2
my=m;

(3

gives the helicoidal (p=1) or elliptic (p#1)
structure with magnetic moments rotating in the
m,, m, plane. As may be seen from the formulae
mentioned above k and —k modes on the same
atom position have to be in the same phase.

M=(m,+ipm,); my-m,=0;

4.1. HoNiGe

The magnetic representation may be decom-
posed on eight one-dimensional, complex repre-
sentations. Some of them appear in this decom-
position, twice, some only once. The magnetic
structure, presented as the linear combination of
the basic functions of these representations must
be a real function. Since the star of k vector is
only one-armed the magnetic structure must be-
long to two irreproducible, conjugate representa-
tions. The best fit to the experimental results
yields the model of the magnetic structure be-
longing to 75 ® 7, representations with the order
parameter p = {(c-explia), c-exp(—ia)). This
means that the function S(r,) describing the
magnetic structure may be given as follows:

S(r,) =c- exp(ia) - s +c- exp(—ia) - ¢,.

The magnetic modes for D¢ symmetry group,
4(c) positions vector k =[1/2,0,1/2], 75 and 7,
representations are given in table 5.
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Table 5

Repr. Basis vector 1 2 3 4

Ts os (100 (100) (i00) G00)
75 b5 (001 (001) (V0-i) (00—i)
Ty [ (100) (100) (-i00) (-i00)
T 5 0o (001 (00D 001

The corresponding magnetic moments on the
4(c) positions, parallel to the x-axis are:

S,,=2-ce cos{atk-t,),
S,,=2-c-e, cos(at+k-t,),
S3,=—2:c-e, - sin(la+k-t,),
Sin=—2'c-e,sin(at+k-t,).

For a = /4 the magnetic moments on all sites
have the same value and translations by primitive
lattice vectors along the a- and c-directions
change their sign (fig. 3).

4.2. ErNiGe

For k=[0,1/2, 0] the magnetic representa-
tion may be decomposed on two irreducible rep-
resentations which are both two-dimensional and
complex. Each of them appears in this decompo-
sition three times.

The magnetic structure which gives the best fit
to the experimental results at 7= 1.65 K may be
presented as the linear combination of basis vec-
tors of representation 7 =7, ® 7; with the order
parameter

p=(c-exp(iw/2 +ia), c-exp(im/2 —ia);
¢’ -exp(ia), ¢’ - exp(—ia)).

This means that the function $(r) describing the

Table 6

Basis vector 1 2 3 4

¢, (100) (—i00) (100) (~i00)

b, (-100) (-i00) (—100) (—i00)
1 010) 0i0) 010) 0i10)

¢ 010) (©-i0) 0100 (©-i0)
1 ©01) (©0-) (00-1) (00D

&5 ©o-1) 00-1) 001) 0o

magnetic structure may be given as follows:
S(r)
=c-exp(iT/2 +ia) - ¢,
+c-exp(im/2 —ia) - ¢, +c' - exp(ia) - P
+c'-exp( —ia) - ¢5.

The magnetic modes for Diﬁ symmetry group,
4(c) positions vector k =[0, 1/2, 0] and 7, repre-
sentation are given in table 6.

The corresponding magnetic moments on the
4(c) positions paralilel to the ab-plane are:
Sin=2-c-e, sin(a+k-t,)

+2-c'e, cos(atk-t,),

Syn=—2-cre,-cos(atk-t,)
—2-c’-e, sin(lat+k-t,)),

S;,=2'c-e, sinla+k-t,)
+2-c'-e,- cos(atk-t,),
S4,=—2-cre,cos(atk-t,)

—2:c'-e,-sin(fatk-t,).

For a = /4 the magnetic moments on all sites
have the same value and the translation by primi-
tive lattice vector along the b-direction changes
their sign.

For k, =10, 1/2, 0.084] the set of 4(c) position
splits on two orbits, which should be calculated
independently (atoms 1 and 4 in the one orbit
and atoms 2 and 3 in the second).

Table 7
1 2 3 4
¢, 100 100 e7i®00 e 00
¢, 100 -100 e o ~ei®00
k¢, 010 010 0e~¢0  Qel*0
¢ 0-10 010 0—e~*0 0e'@0
7 001 001 00 —¢~'* 00 —efe
g5 001 00-1 00—e™i 00e'®
24)1 e-lZaOO _ef12a00 e laQQ _5—130:00

6, -e 2200 -e 2400 -—e~00 -—e"B=00
k, *¢; 0-—e~2¢Q 0e~2*0 0-ei*0 0e B0
%, 0-e™2%0 Q-e¢"2%0 0-ei*0 0-—e~Bep
%7 00e”2«  00-—e”2% 00-e '* 00e B«
267 00—e~2% 00 -e2¢ QOe"i® 00e e

a = 0.084.
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Table 8
1 2 3 4
', 100 e2<00 00 e'*00
6, 100 -e2200  e'®00 —elvQ0
k¢ 010 Qei2¢@ OeleQ Oel0

¢35 0-10 0e®0 0—e'“0  0el®*0

Y 001 00ei® 00 —el® 00 —ei®
‘ol 001 00ei2e@ 00 —el 00ei®
2%, 100 —e 2900 e~izQ0 —e~leQQ
26, —100 —e 2900 —e” 00 -—e”i=00

k; *¢7 0-10 0e 20 0-e”®0 0e ™0
295 0-10 0-e 220 Q-e @0 0-e~ie0

67 001 00-e~2e¢ 00-e”i* 00e™*
%5 00-1 00-e 2 00e~™*  00e =
a = 0.084.

In the decomposition of the magnetic repre-
sentation on to the irreducible ones, the 7, two-
dimensional complex representation appears
three times. The magnetic modes calculated for
k, and k, = —k, are given in table 7.

In order to the magnetic structure as real
function, the phase obtain a shift between orbits
is required, shown in table 8.

The best fit to the experimental results gives
the model of magnetic structure with order pa-
rameter p = (0, ¢; ¢, 0). So the S(r,) function may
be presented as:

S(r) =c-'¢)+c 2.

The corresponding magnetic moments on the
4(c) positions, parallel to the b direction are:

Si,.=c-e, cos(k-t,)
Sy, = —Ce,  cos(2a+k-t,)

S3,=c-e,- cos(a+k-t,)

y

S4n=—c-e,  cos(at+k-t,)

where a = 0.084 T (see fig. 6b).

5. Discussion

The ternary RNiGe intermetallic compounds
(R = Tb-Er) crystallize in an orthorhombic Ni-
TiSi-type crystal structure.

Our previous investigations [14] indicate that

TbNiGe and DyNiGe compounds have an or-
thorhombic TiNiSi-type structure. Both com-
pounds are antiferromagnets with Néel tempera-
tures of 18 and 6 K, respectively. The neutron
diffraction data indicate that at low temperatures
both compounds have a square-modulated struc-
ture with the wavevector k =(2/3, 1/3, 0). With
an increase in temperature, a change to a sine-
modulated structure for TbNiGe and a change to
a cycloidal spiral structure for DyNiGe are ob-
served. In the case of the TbNiGe compound the
coexistence of two magnetic over structures a
wide temperature range is observed.

The results of this work indicate that at low
temperature, the rare earth moments are collinear
and with an increase in temperature a change to
a sine modulated or a helicoidal structure occurs.

In the RNiGe compounds, rare earth ions
form chains running along the a-a)gis. The R3*-
R3* distance in the chain is 3.482 A. The chains
belonging to the adjacoent planes are at a R3*—
R3* distance of 3.668 A and form a three-dimen-
sional framework. The magnitudes of the dis-
tances indicate that the magnetic interactions are
predominantly determined by indirect coupling
via conduction electrons or by the super ex-
change. The oscillatory character of the magnetic
ordering at high temperatures implies that the
RKKY model of magnetic interactions via con-
duction electrons can be useful for the descrip-
tion of the magnetic structure. In this model the
paramagnetic Curie temperature for heavy rare
earth ions is proportional to the de Gennes func-
tion [15). The results presented in ref. [7] show
that the paramagnetic Curie temperature 6, fol-
lows the de Gennes law.

Changes in the magnetic ordering with varia-
tion of the temperature could not be using ob-
tained the RKKY model. It was possible, how-
ever, to interpret the observed changes in the
magnetic structure with temperature on the basis
of the ANNNI (anisotropic next-nearest-neigh-
bour Ising) model [16]. In the ANNNI model an
interaction between the nearest-neighbour layers
is positive (J, > 0) and an interaction between the
next-nearest-neighbour layers is negative (J, < 0).
Mean field calculations produce a collinear mag-
netic structure at low temperatures and several
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non-collinear structures with an increase in tem-
perature.

The values of the Néel temperatures of the
RNiGe compound are small. This indicates that
the exchange interactions are small, usually of the
same magnitude as the crystal-field effects. It
may happen that the crystal-field effects induce
an important anisotropy. In the orthorhombic
unit cell, the four rare earth ions are in the same
4(c) site of a low-symmetry C,. In such symmetry,
the crystal field Hamiltonian can be written as
follows:

#4=a(V;0) + V}O3)
+B(V,07 + V707 + VO3
+y(VL0) + VZOZ + V{Og + VEOE),

where O are the equivalent operators, «, 8, y
the Stevens factors, and V|” are the crystal-field
parameters [17].

Nguyen at al. [18] performed point charge cal-
culations for compounds of the RSi series and
showed that the magnetic anisotropy is mainly
determined by second order crystal field terms.
The calculations performed indicate that the mo-
ments lie along the a-axis when the parameter is
positive (Tb, Dy, Ho), or along the b-axis when
a <0 (Er, Tm).

In RNiGe compounds, where R = Tb, Dy and
Ho the magnetic moment in both phases is paral-
lel to the g-axis. For ErNiGe at low temperatures
the magnetic moment of Er3* ion forms an angle
with the g-axis, whereas in the high-temperature
phases the magnetic moment is parallel to b-axis.

The deviation of an angle ¢y determined by the
relation tg(yy) = (V,?/V$), in ErNiGe at high
temperature may result from a strong tempera-
ture dependence of the crystal-field parameters.
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