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Abstract. Single crystal magnetization measurements and powder neutron diffraction on tetragonal
ErRu2Ge2 as well as anisotropy of the paramagnetic susceptibility and specific heat measurements on
ErRu2Si2 are presented. Besides the huge crystal field contribution to the uniaxial anisotropy, which favors
the basal plane, a strong in-plane anisotropy is evidenced. From these features and neutron diffraction
experiments it is shown that magnetic structures of these materials are double-Q and accordingly non-
colinear below their Néel temperature (5.2 and 6.0 K for Ge and Si based compounds, respectively). The
magnetic structures induced during the metamagnetic processes are discussed.

PACS. 75.25.+z Spin arrangements in magnetically ordered materials (including neutron
and spin-polarized electron studies, synchrotron-source, x-ray scattering, etc.) – 75.30.Kz Magnetic
phase boundaries (including magnetic transitions, metamagnetism, etc.) – 75.30.Gw Magnetic anisotropy

1 Introduction

The RM2X2 compounds (R = rare earth, M = Mn, Fe, Co,
Ni, Cu, Ru, Rh and X = Si, Ge) have been shown to be-
long to the large family of ternary compounds which crys-
tallize in the well-known tetragonal ThCr2Si2-type struc-
ture (space group I4/mmm) [1]. These compounds are of
special interest because the frustration of magnetic inter-
actions associated with the large uniaxial magnetocrys-
talline anisotropy arising from crystalline electric field
(CEF) effects leads, at low temperature, to complex mag-
netic phase diagrams in which original properties, such as
multistep metamagnetic processes, incommensurate mag-
netic structures, mixed magnetic structures, have been
evidenced [2,3]. In a large number of these compounds
the A0

2 CEF parameter characterizing the surroundings is
positive. Accordingly for those with rare earths having a
negative second order Stevens crystal field coefficient αJ ,
c is the easy magnetization direction leading to Ising like
systems which have been extensively studied. Much less
work has been performed on the few planar (X −Y type)
systems where, as expected for uniaxial compounds, the
anisotropy within the plane is expected to be small. In this
paper we focus on ErRu2Ge2 and ErRu2Si2 which belong
to the latter type of material. Whereas the former com-
pound has only been known to order antiferromagnetically
at low temperature [1], more results have been obtained
on the compound with Si. In the latter, below TN = 6 K
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neutron diffraction reveals an antiferromagnetic structure
characterized by the propagation vector Q = (0.2, 0, 0) in
reduced units and magnetic moments perpendicular to Q,
i.e. along [010] [4]. However, magnetic measurements on
a single crystal showed that the 〈110〉 axes are the easy
magnetization directions [5] and it has been suggested that
there is a good possibility for a double-Q structure.

In order to gain insight into the specificity of
magnetism in these planar systems, we have studied:
i) ErRu2Ge2 by neutron diffraction on a powder and by
magnetization measurement on a single crystal (Sect. 2).
ii) ErRu2Si2 by magnetization measurement on a single
crystal in particular in the paramagnetic domain and by
specific heat (Sect. 3). An analysis and discussion of both
compounds is then presented in Section 4.

2 ErRu2Ge2

2.1 Magnetization measurements

Single crystals were grown by the Czochralski technique
in an arc furnace. Magnetization was measured using the
extraction technique in fields up to 10 T and in the tem-
perature range 1.5 to 300 K. Whereas along the c axis
the susceptibility is very weak and does not exhibit any
anomaly, along the [100] and [110] directions it is much
larger and presents a well-pronounced peak at TN = 5.2 K
as shown in Figure 1. Field dependences of magnetization
at 1.5 K along the three symmetry directions are reported
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Fig. 1. ErRu2Ge2: low temperature thermal dependence of
magnetization along the [001] and [110] axes in a µ0H = 0.1 T
applied field. Along [001] the values reported are the experi-
mental ones multiplied by 10.
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Fig. 2. ErRu2Ge2: field dependences of magnetization at 1.5 K
along the three symmetry axes.

in Figure 2. A huge anisotropy is observed between the c
axis and the basal plane. Along c, magnetization is always
very weak and increases almost linearly with the field. In
a 10 T applied field it reaches only 0.74 µB/f.u. Along
[100] and [110] axes a single-step metamagnetic transi-
tion occurs at Hc[100] = 0.3 T and Hc[110] = 0.4 T,
respectively. The hysteresis of these transitions are negli-
gible. Note that below the transition the susceptibility is
rather large and almost the same along both axes (see
discussion). Above the transition, a large anisotropy is
observed with the following characteristics: i) Magneti-
zation increases weakly and almost linearly with a slope
of 0.0320 and 0.0802 µB/f.u.T for [110] and [100], respec-
tively. ii) In a 0.8 T applied field along [110], magnetiza-
tion reaches 8.70 µB/f.u., a value close to the free Er3+

ion value (9.00 µB), showing that the magnetic structure
has become ferromagnetic colinear. In the same field along
[100], magnetization is 6.21 µB/f.u., i.e. a value very close
to 8.70 cos(45◦) = 6.15. iii) In the maximum field of 10 T,
M is 8.89 µB/f.u. along [110] and 6.94 µB/f.u. along [100]
(8.89 cos(45◦) = 6.27). These results clearly show that
〈110〉 axes are the easy magnetization directions and that
the anisotropy between these and the 〈100〉 axes is very
large. Indeed, even in a 10 T applied field along [100],
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Fig. 3. ErRu2Ge2: thermal dependences of the reciprocal sus-
ceptibilities above the Néel temperature parallel and perpen-
dicular to c. The inset shows 1/(χT ) vs. 1/T plots for the high
temperature region.

the angle between this axis and magnetic moments is still
about 39◦. When temperature is increased, the same be-
havior is observed, the transition becoming smoother and
disappearing at TN.

Within the paramagnetic domain the susceptibility
has been deduced from the M2 vs. M/H Arrott plots. The
thermal variations of the reciprocal susceptibility along
and perpendicular to c, thus obtained are reported in
Figure 3. Within the basal plane, the reciprocal suscep-
tibility follows the linear Curie Weiss law above 120 K.
Along [001] CEF effects are so large that the Curie
Weiss law is hardly observed above 250 K. At lower
temperature, experimental points strongly deviate from
this law showing first a minimum around 130 K and then
a large maximum around 30 K. It is then difficult and
even impossible along [001] to determine from these 1/χ
variations, the effective moment and the paramagnetic
Curie temperatures. Therefore we used the following
approach: From the high temperature Curie Weiss law
(1/χ = (T − θp)/C) one can write:

1
χT

=
1
C
− θp

C

1
T
·

Then plotting 1/(χT ) vs. 1/T , we should expect a lin-
ear variations for small values of 1/T with the follow-
ing characteristics: i) plots along and perpendicular to
[001] should have the same limit value (1/C) for 1/T→0,
ii) the slopes allow the determination of the paramagnetic
Curie temperatures. From these plots shown in the inset of
Figure 3 one deduces: i) an effective moment of
9.85 µB/f.u., a value in good agreement with the free Er3+

ion value (9.60 µB). ii) θp(‖c) = 150 K and θp(⊥ c) =
−28 K.

2.2 Neutron diffraction

Neutron diffraction experiments on a powder sample were
performed on the D1B spectrometer at the ILL (Grenoble)
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Fig. 4. ErRu2Ge2: powder neutron diffraction pattern at 1.5 K
and 8 K. Peaks indexed as hkl− or hkl3− correspond to points
of co-ordinates (h − τ, k, l) or (h − 3τ, k, l) respectively of the
reciprocal space when writing Q = (τ, 0, 0).

at different temperatures (1.5, 3, 3.5, 4 and 8 K). The
wavelength was 2.522 Å. Spectra, measured out at 8 K
and 1.5 K, are shown in Figure 4. At 8 K the pattern
is characteristic of the crystallographic structure. How-
ever, on account of texture effects of the crystallites, the
refinement of the observed intensities led to a reliability
factor R =

∑
|Ical− Iobs|/

∑
Iobs of only 12.0%. At 1.5 K

additional peaks appear which can be indexed with the in-
commensurate propagation vector Q = (0.211, 0, 0) in re-
duced unit. Peaks indexed as hkl− in the figure correspond
to points of co-ordinate (h − 0.211, k, l) of the reciprocal
space. In particular at 2θ = 7.11◦ the first harmonic of the
origin appears very strong due to the large Lorentz factor.
When the temperature is increased the propagation vector
does not change for T up to TN within the experimental
accuracy. Third order harmonics are clearly observed at
1.5 K around 20◦. They decrease rapidly when the tem-
perature is increased and have completely disappeared at
4 K.

The neutron diffraction results can be interpreted con-
sidering either single-Q or double-Q structures. In both
cases the refinement of the magnetic structure at 1.5 K
leads to the same intensities for the diffraction peaks with
a reliability factor R = 19.3%. Both solutions thus ap-
pear indistinguishable when taking into account powder
neutron diffraction alone.

i) Considering a colinear single-Q structure, magnetic
moments are perpendicular to the propagation vector
and along one of the two 〈100〉 directions with a mod-
ulus of the first order harmonic MQ of 10.1 µB (in our
formalism the component of the Er moment along one
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Fig. 5. ErRu2Ge2: Schematic representation of the fully an-
tiphase magnetic structure expected at 0 K. Note that the
magnetic periodicity is incommensurate with the crystallo-
graphic one.

direction is written as M(ri) = MnQ sin(2πnQ · ri +
ϕn) where ri is the position of the atom i). Note that
a (non-colinear) cycloidal structure with moments ro-
tating within the (001) plane leads to a very bad re-
liability factor (36%).

ii) The double-Q structure results from the superposi-
tion of the single-Q structures (of the above type)
associated with the two 〈100〉 possible directions for
Q and MQ, i.e. Q1 and MQ1 parallel to [100] and
[010] respectively, and conversely for Q2 and MQ2 .
In that case the modulus of each MQi component is
7.1 µB. In this second case the magnetic structure
is non colinear with moments on each site along one
of the 〈110〉 directions and the amplitude of the Er
moment associated with the first order harmonic is
7.1
√

2 = 10.1 µB.

The ambiguity between both structures can be lifted if
one considers other experiments in particular magnetiza-
tion measurements on a single crystal. The measurements
clearly show that 〈110〉 is the easy axis and accordingly
that the magnetic structure is double-Q non colinear. The
corresponding structure is shown in Figure 5.

The onset of third order harmonics below 4 K and the
increase of their intensity when the temperature is de-
creased confirms a progressive squaring of the structure,
i.e. a progressive evolution from a sine wave modulation of
the moments at 4 K towards an antiphase structure where
all the moments have the same amplitude. The former
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Fig. 6. ErRu2Si2: thermal dependences of the reciprocal sus-
ceptibilities above the Néel temperature parallel and perpen-
dicular to c.

situation is characterized by the absence of peaks associ-
ated with harmonics of higher order than the first whereas
the latter case is characterized by peaks associated with
higher order harmonics in particular the third order with
a ratio I(000±3)/I(000±) of the intensities corrected for
the Lorentz factor equal to 1/9. This is the expected sit-
uation at 0 K. At 1.5 K this ratio is half the above value
showing that at this temperature the fully antiphase struc-
ture is close (indeed such a ratio means that the ampli-
tude of the third order harmonic M3Q is only 0.71 that
of the fully antiphase structure). This is not surprising on
account of the small value of the ordering temperature.
Note that for a sine wave modulation, the modulus of MQ

is the amplitude of the moment modulation, whereas for
a fully antiphase structure the amplitude of MQ is equal
to 4M0/π where M0 is the value of the magnetic moment
component. The determined value of MQ is in rather good
agreement with the value of M0 which should be around
the value of the magnetic moment determined from mag-
netic measurements just above the transition, i.e. 8.7 µB.

3 ErRu2Si2

3.1 Magnetic measurements

Field dependences of magnetization performed along the
symmetry axes of the single crystal confirmed the behav-
ior previously observed below TN = 6.0 K characterized,
as for ErRu2Ge2, by i) a huge anisotropy between this
plane and the c axis, ii) a large anisotropy within the
plane where the easy directions are the 〈110〉 axes and
iii) metamagnetic processes within the basal plane [5].

The thermal variations of the reciprocal susceptibil-
ity of ErRu2Si2 along and perpendicular to c, obtained in
the same way as for ErRu2Ge2, are reported in Figure 6.
They present the same characteristics as those of the Ge
based compound, in particular, along the [001] direction, a
minimum around 130 K, and a well-pronounced maximum
around 40 K due to CEF effects. As along this axis the
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Fig. 7. ErRu2Si2: thermal dependence of the low temperature
magnetic contribution to the specific heat. The inset shows the
deduced magnetic entropy.

Curie Weiss law is hardly followed at high temperature,
the Curie constant and the paramagnetic Curie temper-
atures were determined in the same way as for the Ge
compound. The same effective moment of 9.85 µB/f.u. is
obtained, whereas θp(‖c) = 197 K and θp(⊥ c) = −26 K.

3.2 Specific heat

The specific heat of ErRu2Si2 has been measured using
the alternative current method, in the temperature range
1.5–50 K. The magnetic contribution shown in Figure 7
up to 30 K, has been obtained by using the specific heat of
LaRu2Si2 as a phonon reference after renormalization of
the Debye temperature. A unique and well-defined λ-type
anomaly is observed at TN = 6.0 K. Above this tempera-
ture the initially high specific heat rapidly decreases and
becomes very small above 25 K. This feature can be due
to the high temperature tail of a Schottky anomaly cen-
tered around a few Kelvin. Magnetic fluctuations seem to
be absent on account of the sharpness of the right-hand
side of the λ-anomaly, which is sharper than that observed
on other compounds of the series. It can then be deduced
that the first excited state is located around 12 K above
the ground state. The magnetic entropy then deduced is
reported in the inset of Figure 7. It reaches R ln(3) and
R ln(4) at TN and 20 K, respectively. Two CEF doublets
are then occupied at this latter temperature. Above 20 K
the entropy tends to saturate. The other excited levels (12
doublets) are then more likely at a much higher energy as
suggested by the huge magnetocrystalline anisotropy ob-
served in this compound.

4 Analysis and discussion

The present study associated with previous works has
shown very similar properties of ErRu2Ge2 and ErRu2Si2.

Magnetization measurements on ErRu2Ge2 and
ErRu2Si2 single crystals have evidenced the large mag-
netocrystalline anisotropy due to the crystal field in these
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Table 1. Second order CEF parameters in some RRu2X2 com-
pounds (B0

2 = αJ〈r2〉A0
2). For all the compounds we have de-

duced the given values using the same approach as that de-
scribed for the Er-based compounds in this work.

Compound B0
2 (K) A0

2 (K)

NdRu2Ge2 −7.71 1198

TbRu2Ge2 −9.74 1272

DyRu2Ge2 −5.81 1260

ErRu2Ge2 2.34 1385

TbRu2Si2 −10.10 1319

DyRu2Si2 −4.94 1071

ErRu2Si2 2.95 1745

series. Specific heat measurements revealed information
about the low lying CEF levels: in ErRu2Si2 there are two
doublets rather close together and well-separated from the
higher levels, in particular at 20 K only 4 of the 16 energy
levels are occupied. The anisotropy has two main features.

(i) First the huge anisotropy already observed in the
other compounds of the series is confirmed. This
anisotropy mainly arises from the second order CEF
term. In Table 1 we have compared the second or-
der parameters of different compounds of both se-
ries determined in the same way. The A0

2 parame-
ters, which characterize the surroundings, are all of
the same order of magnitude with the largest values
in the Er compounds. They are among the largest
never observed in uniaxial materials. In particular
they are much larger than in the hexagonal RNi5 [3]
and RCo5 series. In ErRu2Si2, this parameter, if con-
sidered alone, would lead to an overall CEF splitting
close to 500 K.

(ii) The second feature is the very large anisotropy ob-
served within the basal plane. This property had not
been evidenced before because most of the deeply
studied compounds of these series are of the easy
c axis type. Such a strong anisotropy, not observed
in hexagonal rare earth compounds, should mainly
originate from the A4

4 and to a lesser extent A4
6

CEF parameters, whereas in hexagonal symmetry the
anisotropy within the plane is only due to the A6

6 of
higher order. In fact such a large planar anisotropy
is also present in other series of tetragonal rare
earth compounds such as the RNi2B2C [6] and the
RAgSb2 [7] series.

The analysis of the neutron diffraction experiments
and of the magnetization measurements proved that
the ErRu2Ge2 compound presents, below its Néel tem-
perature, a non-colinear double-Q magnetic structure,
with magnetic moments lying along the two equivalent
〈110〉 directions of the basal plane. In ErRu2Si2 the same
conclusion can be made on account of the similitude of the

magnetic properties (neutron diffraction results and mag-
netization measurements on single crystal) with those of
the Ge based compound. One remark can be made about
the magnetic structure above the critical field of the meta-
magnetic process. When the field is along [110] it is clear
that the induced state is ferromagnetic colinear, but when
the field is along [100] the structure remains non-colinear;
moments are equally distributed along both the 〈110〉 axes
with a positive component parallel to the applied field.
This structure is of smaller energy than a colinear struc-
ture because it better satisfies negative interactions. Such
a statement is based on the fact that the critical field along
[100] is smaller than along [110] whereas it would be larger
(see Sect. 2.1) for a colinear induced structure. This is
confirmed by the magnetization measurements performed
on ErRu2Si2 when the field is applied in a direction in-
termediate between the [100] and [110] axes [5]: indeed a
second transition is observed which should correspond to
the change from the non-colinear ferromagnetic induced
state towards a colinear state, magnetic moments remain-
ing along or very close to the 〈110〉 directions. This is
rather similar to the well studied situation occuring in
several compounds of the tetragonal RNi2B2C [6,8] and
the RAgSb2 [7] series. Further magnetic measurements are
performed in order to gain a better insight into the phase
diagrams (in terms of amplitude and direction of the ap-
plied field) of the compounds under investigation.

Finally it should be noticed that propagation vectors
of RRu2X2 (X = Si, Ge) for heavy rare earths have close
values (around 0.2) [3] showing that their electronic struc-
tures are very similar.
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