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a b s t r a c t

The thermal expansion and magnetostriction of polycrystalline sample of the ErMn6Sn6 intermetallic

compound with hexagonal HfFe6Ge6-type structure are investigated in the temperature range of

77 K to above 400 K. The thermal expansion measurement of the sample shows anomalous behavior

around its TN¼340 K. The isofield curves of volume magnetostriction also reveal anomalies at

paramagnetic–antiferromagnetic and antiferromagnetic–ferrimagnetic phase transitions. In the anti-

ferromagnetic state, the transition to ferrimagnetism can be induced by an applied magnetic field. The

threshold field for the metamagnetic transition Hth increases from 0.18 T at 84 K to about 1 T around

220 K, and then decreases monotonously to TN. This behavior is well consistent with that observed

earlier on magnetization curves attributed to exchange-related metamagnetic transition rather than

the anisotropy-related one. Furthermore, the low Hth values suggest that the Mn–Mn coupling in

ErMn6Sn6 is not so strong. The experimental results obtained are discussed in the framework of two-

magnetic sublattice by bearing in mind the lattice parameter dependence of the interlayer Mn–Mn

exchange interaction in this layered compound. From the temperature dependence of magnetostriction

values and considering the magnetostriction relation of a hexagonal structure, we attempt to determine

the signs of some of the magnetostriction constants for this compound.

& 2011 Elsevier B.V. All rights reserved.

1. Introduction

The RMn6Sn6 intermetallic compounds (with R¼Sc, Y, Gd–Tm
and Lu) have been widely studied during the recent years, using a
wide variety of methods, including magnetization measurements
[1–3], neutron diffraction [4], Mössbauer spectroscopy [4], NMR
spectroscopy [5], transport, magnetotransport [6] and magneto-
optical measurements [7], and also some theoretical studies on
electronic structure calculations [8]. All these compounds crystal-
lize in the hexagonal HfFe6Ge6-type structure with space group
P6/mmm (Fig. 1): Hf at 1(a) (0, 0, 0), Fe at 6(i) (1/2, 0, zE1/4), Ge
at 2(c) (1/3, 2/3, 0), 2(d) (1/3, 2/3, 1/2) and 2(e) (0, 0, zE1/3). This
crystal structure can be described as layers of R and Mn atoms
alternately stacked along the c-axis in the sequence Mn–(R,Sn)–
Mn–Sn–Sn–Sn–Mn [9]. The magnetic structure of RMn6Sn6 com-
pounds consists of two different subsystems: the R and Mn
subsystems. The observed complex magnetic behavior of these
compounds, characterized by various magnetic phase transitions
below the magnetic ordering temperature, originates from the
complicated interplay among the Mn–Mn, R–Mn and R–R
exchange interactions as well as the competing magnetocrystalline

anisotropies of the two sublattices. The (001) Mn planes have
ferromagnetic ordering, the interlayer Mn–Mn coupling through
the Mn–Sn–Sn–Sn–Mn is always positive (ferromagnetic) while
the nature of that within the Mn–(R, Sn)–Mn slab depends on the R
element. It is believed that these interlayer Mn–Mn interactions
depend strongly on the Mn–Mn interatomic distances (for larger
distances they are usually positive, while for smaller ones they are
negative) and so are very sensitive to the R element [10]. The
RMn6Sn6 compounds with R¼Gd�Ho are ferrimagnetic below
their Curie temperature, while ones with R¼Sc, Y, Tm and Lu
display antiferromagnetic or helimagnetic behaviors. Among them,
the compound with R¼Er has a complex behavior displaying
several transitions. ErMn6Sn6, in addition to spontaneous (tem-
perature-induced) transitions characterized by antiferromagnet-
ism below TN¼352 K and a transition to ferrimagnetic state at
about 75 K, has metamagnetic (field-induced) transitions in its
ordered state [1]. Since the Mn sublattice favors an easy plane
anisotropy and Er reveals an easy plane behavior in the whole
ordered state [4] too, there is no competition between the two
sublattices anisotropies and consequently no spin reorientation
process in ErMn6Sn6. The antiferromagnetic–ferrimagnetic transi-
tions in this compound involve transitions from the antiparallel
arrangement of Mn-layer moments to the parallel one. Because of
the strong interatomic distance dependence of Mn–Mn interlayer
interactions, one may expect that these transitions are likely to be
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accompanied by some anomalies in the thermal expansion as well
as magnetostriction measurements. To date, no report has been
published on magnetoelastic properties of RT6X6 compounds
(T¼Mn, Fe and X¼ Ge, Sn). Therefore, in the present work, we
have investigated the thermal expansion and magnetostriction
effects of ErMn6Sn6 compound.

2. Experiments

The ErMn6Sn6 polycrystalline sample was prepared by arc
melting the constituent elements under high-purity Ar atmo-
sphere in a water-cooled copper boat. The raw materials used
were at least of 99.9% purity. The ingot was turned over and
remelted several times to insure its homogeneity. The synthe-
sized ingot wrapped in a tantalum foil was sealed in an evacuated
quartz tube, annealed at 1023 K for 4 weeks and then quenched in
water to obtain a single-phase material. The purity and micro-
structure of the prepared sample was checked using X-ray
powder diffraction (XRD) with monochromatic Cu Ka radiation
(l�1.5406 Å) in the 2y range of 20–901 in a continuous scan
mode with a step width of 0.051 and using scanning electron
microscopy (SEM; Leo 1450VP, Carl Zeiss SMT, Germany). For

structural characterization, analysis of the obtained XRD profile
was performed using the Rietveld refinement method, through
the Fullprof software. In order to reveal the magnetic phase
transitions, the thermomagnetic measurement was carried out
using a LakeShore 7000 magneto-susceptometer with an ac
magnetic field of 50 A/m peak value at 125 Hz in the temperature
range of 77–330 K. The linear thermal expansion TE normalized to
77 K (dl/l¼(lT–l77 K)/l77 K) and magnetostriction (MS) were mea-
sured using the strain-gage Wheatstone bridge technique on disk-
shaped samples with a diameter of about 6 mm and thickness of
about 2 mm in the temperature range of 77–440 K and magnetic
fields up to 1.5 T. The accuracy of these measurements was better
than 2�10�6. The longitudinal (lO) and transverse magnetostric-
tion (l?) of the sample were measured parallel and perpendicular
to the applied magnetic field, respectively. The anisotropic mag-
netostriction (lt) and the volume magnetostriction (o) were
calculated directly from the relations lt¼lO�l? and o¼lOþ2l?,
respectively.

3. Results and discussion

The XRD pattern indicates that the sample has almost pure
single-phase HfFe6Ge6-type structure (S.G. P6/mmm) with a small
amount of b-Sn, Er2O3 and Mn3Sn2. The presence of such minor
impurity phases has been reported in most previous attempts to
prepare RMn6Sn6 samples by arc-melting or the solid-state
reaction method, for instance Refs. [11,12]. The refined lattice
parameters using the Rietveld analysis (see for instance [13]) are
a¼5.527(4) Å, c¼9.020(4) Å and the corresponding unit-cell
volume V¼238.6(7) Å3, and the c/a ratio equals 1.632, which are
well close to the reported values in the literature [14]. The XRD
profile lines were modeled using the pseudo-Voigt peak-shape
function (the refined Caglioti parameters are U¼0.0078,
V¼� .0079 and W¼0.0519). The low values of reliability factors
indicate a good refinement (the R-factors are Rp¼7.56%,
Rwp¼10.2%, Rexp¼5.71% and w2

¼(Rwp/Rexp)2
¼3.16). Fig. 2 dis-

plays the resultant profile fit of the observed pattern together
with the calculated one and the differences between them. The
SEM microstructural analysis shows that the prepared sample
contains mainly grains of ErMn6Sn6 phase with the mean size ofFig. 1. Representation of the HfFe6Ge6-type crystal structure of RMn6Sn6 compounds.

Fig. 2. Observed (circles) and calculated (solid lines) XRD pattern of the ErMn6Sn6 sample at room temperature. The vertical bars indicate the position of Bragg reflections

(upper ticks mark ErMn6Sn6 lines and the lower ones belong to impurity phases). The difference between the observed and calculated intensities is given at the bottom of

the diagram.
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about 200 mm and minor impurity phases in grain boundaries,
consistent with the XRD results.

The ac magnetic susceptibility wac of the studied sample in a
zero dc magnetic field in the temperature range of 77–330 K is
presented in Fig. 3. This thermomagnetic curve (which is fre-
quency independent) is characterized by a strong increase of
magnetization at low temperature, without displaying the exact
ordering point. However, transition temperatures have been
taken from the anomalies in its first derivative curve. This
behavior was expected and can be explained as follows: at low
temperature, the Er–Mn strong antiferromagnetic coupling,
which as said, is very sensitive to the Mn–Mn interatomic
distances, dominates the Mn–Mn one and so causes the Er and
Mn sublattices to order ferromagnetically in the (001) plane,
resulting in a collinear ferrimagnetic order [4]. Hence, the 77 K
ordering point may be attributed to the ordering of the Er
sublattice. As temperature increases, the Er–Mn interaction
weakens due to thermal expansion, so Mn–Mn coupling dom-
inates. Therefore, the Mn sublattice orders antiferromagnetically
and the Er sublattice is in the paramagnetic state, resulting in an
antiferromagnetic order between 77 K and about 330 K (330 K
was the highest available temperature in this measurement
around which TE reveals a notable steep change, indicating a
probable transition at a temperature a little higher than 330 K). It
may be also seen from Fig. 3 that a distinct feature appears at
about 160 K. The first possible origin of this anomaly may be the
presence of some magnetic impurity phase in the sample. How-
ever, this is less likely, because a phase with such a pronounced
peak would have been detected easily in the XRD pattern of the
sample (the magnetic transition temperatures of the detected
minor phases do not correspond to this point: b-Sn is paramag-
netic, Er2O3 has a transition at TN¼3.4 K and Mn3Sn2 at TC1¼262
and TC2¼227 K). This not being the case, we can conclude that it
is a feature belonging to the main phase needing further
investigation.

Fig. 4 shows the temperature dependence of the zero-field
linear thermal expansion dl/l of the studied sample in the range of
77–480 K. It displays a metallic behavior with a change of slope at
about 332 K (see the temperature dependence of the thermal
expansion coefficient a of the sample, depicted by taking a
point-to-point temperature derivative of the dl/l data). However,
anomalous behavior of a extends over the temperature interval of
295–340 K, namely from the onset of the antiferromagnetic-
paramagnetic transition to the point where this phenomenon is
completed. The magnetic contribution to the thermal expansion
(dl/l)m can be estimated from the difference between the observed
dl/l curve and the usual anharmonic phonon contribution gov-
erned by the Grüneisen law using yD¼102 K derived from the

specific heat data [15]. The calculated nonmagnetic contribution
that has been fitted to the experimental results in the paramag-
netic regime is depicted in Fig. 4 as a dashed line. Assuming that
the linear thermal expansion dl/l is isotropic, the spontaneous
volume magnetostriction is os¼3(dl/l)m. The temperature depen-
dence of the os values is shown in Fig. 5. The observed significant
volume expansion at about 340 K, where the ac susceptibility is
going to reveal an anomaly, too, should be due to transition of the
Mn sublattice to the antiferromagnetic order. It is believed and
also confirmed by the present wac measurements that at about
77 K, the Er sublattice moments in ErMn6Sn6 align ferromagne-
tically, but as seen this alignment does not cause any notable
anomaly in the thermal expansion behavior. These observations
and the above discussion indicate a TN¼340 K and TCE77 K for
this ErMn6Sn6 sample, close to the 352 and 75 K values suggested
by Venturini et al. [1]. The insignificant spontaneous magnetos-
triction effects in the paramagnetic phase should be due to the
existence of short-range magnetic correlations above the ordering
temperature.

The longitudinal lO and transverse magnetostriction l? of the
sample were measured as a function of the applied field for some
typical temperatures. Except for the region about the
antiferromagnetic–ferrimagnetic transition point, there is no
significant difference between the MS measured parallel and
perpendicular to the applied magnetic field (as representative,
the lO, l? and anisotropic magnetostriction lt¼lO�l? isotherms
at two selected temperatures are presented in Fig. 6). This
indicates that the magnetostriction is almost isotropic and as
suggested for the similar behavior observed in GdMn2Ge2 [16],

Fig. 3. Temperature dependence of the ac susceptibility wac of the ErMn6Sn6

sample with an ac magnetic field of 50 A/m peak value at 125 Hz and under a zero

dc magnetic field, and its first derivative.
Fig. 4. Temperature dependence of the linear thermal expansion and thermal

expansion coefficient a versus temperature for ErMn6Sn6 sample. The dashed line

shows the simulated phonon contribution (Grüneisen law) using yD¼102 K.

Fig. 5. Temperature dependence of the spontaneous volume magnetostriction os.
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mainly caused by interlayer Mn–Mn exchange interaction. The
small difference between lO and l? may come from the textural
structure of polycrystalline sample. Fig. 7 shows the temperature
dependence of the anisotropic magnetostriction lt at some typical
applied magnetic field. As seen, lt is almost field-independent and
from lt�O (10�4) at low temperatures it drops continuously to
zero at about Tp¼160 K due to magnetostriction compensation of
the two sublattices involved in the MS effect. Above this point, lt

shows a sign change and then tends to zero once again around
360 K (close to TN of the sample). From the negative values of lt

above the compensation point (Tp) where Er sublattice is in its
paramagnetic state and MS originates from the Mn sublattice
anisotropy, one can conclude that the Er and Mn sublattices
contributions to the MS of this sample are positive and negative,
respectively.

For further discussion, we consider the magnetostriction rela-
tion for a hexagonal structure in terms of magnetostrictive
coefficients li

m,l describing the strain measurement in a direction
with cosines of bi (i¼x, y and z) when magnetization is in a
direction described by cosines ai (i¼x, y and z) [17]:
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Here in li
m,l, the first superscript m¼a indicates the fully sym-

metric volume change (with preservation of hexagonal symme-
try), and m¼g and e represent shearing strains in the basal plane
and in planes parallel to the c-axis, respectively. The second
superscript l denotes the degree of magnetization direction
cosines pertaining to that particular term, i.e. li

m,0 coefficients
are terms independent of magnetization direction and li

m,2 ones
are quadratic in magnetization direction cosines. In a single
crystal sample, all li coefficients are responsible for the different
types of deformation and distortion, while for a polycrystalline
sample, the MS expression must be averaged over all directions
within a sphere. Following Mason [18], we derive the anisotropic
magnetostriction expression for a polycrystalline hexagonal sam-
ple as:

lt ¼ lO�l? ¼
2

15
ð�la,2

1 þl
a,2
2 Þþ

2

5
ðlg,2
þ2le,2

Þ ð2Þ

where l1
a,2 (and l2

a,2) refers to the distortion in the basal plane
(and along the c-axis) upon the magnetization rotation from the
basal plane to the c-axis (and from the c-axis to the basal plane).
These two modes maintaining the hexagonal symmetry are
associated with a volume change and a change in the c/a ratio
for fixed volume. The lg,2 and le,2 denote a breaking of the
circular symmetry of the basal plane by magnetization rotation
in the plane and a distortion in the angle 901 between the c-axis
and the basal plane, respectively. For the present sample, which is
an easy plane compound with high anisotropy field, the magne-
tization rotation in low temperatures and fields is restricted to the
basal plane. Therefore, on account of the above discussion, lg,2 is
the dominant term in the conditions of low temperatures and
fields. Hence, from the outline presented here, one can conclude
that lg,2 is positive for this compound. As the temperature
increases and consequently the planar anisotropy field decreases,
the magnetization vector senses all directions. So, using the
Eq. (2) and considering that le,2 can be neglected in easy plane
compounds, like the sample in the present study, we conclude
that at higher temperatures (�l1

a,2
þl2

a,2) is negative for
ErMn6Sn6.

The temperature dependence of the volume magnetostriction
o at selected applied magnetic fields is represented in Fig. 8. As
seen, in contrast to lt behavior, o depends strongly on the
magnitude of the applied field in the temperature range of
77–340 K, i.e. in the antiferromagnetic state where the Mn
sublattice has an antiferromagnetic ordering and the Er one is
in a paramagnetic state. The antiferromagnetic state of ErMn6Sn6

at low temperatures, i.e. close to the ordering point of Er
sublattice, is not very stable and may be transformed easily by
application of a magnetic field strong enough to overcome the

Fig. 6. Longitudinal lO, transverse l? and anisotropic magnetostriction lt¼lO�l?
isotherms of the sample as a function of applied magnetic field at the selected

temperatures of 84 K and room temperature. In this and the following figures, the

lines connecting the data points are only guides for the eye.

Fig. 7. Temperature dependence of the anisotropic magnetostriction of the

ErMn6Sn6 sample at the selected magnetic fields of 0.5, 1.0 and 1.5 T.

Fig. 8. Temperature dependence of the volume magnetostriction o of the

ErMn6Sn6 sample at the selected magnetic fields of 0.5, 0.75, 1.0, 1.25 and 1.5 T.
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sublattice molecular field and force the Mn sublattice moments to
flip to the ferromagnetic state. Due to the strong antiferromag-
netic Er–Mn coupling, this in turn forces the Er ones to order
ferromagnetically and antiferromagnetically to the Mn ones,
resulting in a transition to the ferrimagnetic state, which is
accompanied by a notable decrease in the unit-cell volume. It is
readily seen that at lower temperatures, o shows a rapid increase
with temperature, and its maximum value moves to higher
temperatures by increasing the applied magnetic field. Then with
further temperature increase, o decreases until about TN, where it
logically peaks. As temperature increases, the threshold magnetic
field for the antiferromagnetic–ferrimagnetic transition Hth

increases. The thermal variation of the Hth derived from the
maximum slope of the o isotherms (Fig. 9a), or in other words,
where the magnetostriction susceptibility peaks, is presented in
Fig. 9b. As seen, it increases from 0.18 T at 84 K to about 1.0 T at
225 K and then decreases to TN. The thermal variation of Hth is
well consistent with the result deduced from the maximum slope
of the magnetization isotherms reported by Hu et al. [14], where
this behavior has been attributed to an exchange-related meta-
magnetic transition, rather than the anisotropy-related one.
Furthermore, the low Hth values indicate that the Mn–Mn
coupling in ErMn6Sn6 compound is not very strong, compared
with most of RMn6Ge6 [19] and some of other RMn6Sn6 com-
pounds like R¼Tm and nonmagnetic R’s [2]. As seen in Fig. 8,
similar to the a anomalous behavior (Fig. 4), the o anomalous
behavior due to this metamagnetic antiferromagnetic–ferri-
magnetic transition extends over a temperature interval, i.e. from
the onset of this transition to the point where it is completed.
However, as seen, with increasing applied magnetic field, the

temperature range of the antiferromagnetic state narrows:
with increasing applied magnetic field, the low temperature
transition shifts to higher temperatures, while the high tempera-
ture one occurs at lower temperatures. Meanwhile, the transition
to the paramagnetic state undergoes no change (at TN¼338 K).
This is well expected from the magnetic phase diagram of
ErMn6Sn6 [2].

For further discussion on volume magnetostriction of this
compound (Fig. 8), note that in Relation (1), the first two terms
(l1

a,0 and l2
a,0) arising from the two-ion isotropic exchange inter-

actions, depend only on the magnitude of magnetization (or the
applied magnetic field), and not on its direction. So, the volume
change of the sample independent of the magnetization direction
is governed by (2l1

a,0
þl2

a,0), while other terms describe modes of
anisotropic MS; (2l1

a,2
þl2

a,2) (az
29final�az

29initial) is related to the
volume change due to the magnetization rotation [17]. At low
temperatures and applied fields, as the magnetic moments of
the sample are restricted to the basal plane, there is no magne-
tization direction-dependent contribution to the volume change.
Therefore, at the condition of low temperatures and fields, the o
of ErMn6Sn6 sample depends only on the variation of magnetiza-
tion magnitude with temperature and applied magnetic field
changes. Hence, one can conclude from the observed o behavior
that the quantity (2l1

a,0
þl2

a,0) is negative for this compound.
Furthermore, previous reports on the magnetization of this
compound [6] show that it has its highest values around 100,
120 and 150 K under applied magnetic fields of 0.5, 1.0 and 1.5 T,
respectively. Hence, consistent with the above discussion, the
observed maxima in the thermal behavior of o (Fig. 8) correspond
to the variations of magnetization with temperature and applied
magnetic field. The magnetization decreasing after these points
due to the increase in the threshold field for metamagnetic
transition from antiferromagnetic to ferrimagnetic state (Hth)
brings about a decrease in o. The Hth decrease at higher
temperature causes an increase in the magnetization and conse-
quently in o around TN.

4. Conclusions

The almost pure single-phase polycrystalline sample of
ErMn6Sn6 intermetallic compound was prepared by the arc
melting method. The compound possesses a hexagonal
HfFe6Ge6-type structure (S.G. P6/mmm) with the refined lattice
parameters a¼5.527(4) and c¼9.020(4) Å. The magnetostriction
and thermal expansion of sample have been investigated in the
temperature range of 77 K to above 400 K. The thermal expansion
measurement of the sample shows anomalous behavior around
its TN¼340 K. The isofield curves of volume magnetostriction
peak at paramagnetic–antiferromagnetic and antiferromagnetic–
ferrimagnetic phase transitions. In the antiferromagnetic state,
the transition to ferrimagnetism can be induced by an applied
magnetic field. This threshold field for the metamagnetic transi-
tion Hth increases from 0.18 T at 84 K to about 1 T around 220 K,
and then decreases monotonously to TN. This behavior is well
consistent with that observed earlier on magnetization curves
being attributed to the exchange-related metamagnetic transition
rather than the anisotropy-related one. Furthermore, the low Hth

values suggest that the Mn–Mn coupling in ErMn6Sn6 is not so
strong. The experimental results obtained were discussed in the
framework of two-magnetic sublattice by accounting for the
lattice parameter dependence of the interlayer Mn–Mn exchange
interaction in this layered compound. From the temperature
dependence of magnetostriction measurements and considering
the magnetostriction relation of a hexagonal structure, the signs
of some of the magnetostriction constants were determined.

Fig. 9. (a) Volume magnetostriction isotherms of ErMn6Sn6 sample versus applied

magnetic field at some selected temperatures. (b) Thermal variation of the

threshold magnetic field for antiferromagnetic–ferrimagnetic transition Hth

derived from derivative of the o isotherms curves.
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