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a b s t r a c t

The thermal expansion and spontaneous magnetostriction of polycrystalline samples of Er1�xGdxMn6Sn6

(0 � x � 1) intermetallics with hexagonal HfFe6Ge6-type structure are investigated in the temperature
range of 77e520 K. The Gd substitution has significant effect on the interatomic distances and especially
on inter-sublattice ReMn couplings. The replacement of Er by Gd causes the lattice constants to increase
due to the larger atomic radius of Gd compared with Er. It also results in increasing the ordering
temperature as well as the spontaneous magnetostriction values following reinforcement the ReMn
coupling. The examined samples exhibit considerable thermal expansion anomalies at the Néel
temperature (TN ¼ 340 and 335 K for the samples with x ¼ 0 and 0.2, respectively) and also at TM ¼ 309e
311 K where the Mn moments experience collapse-like reduction. Whereas, trivial anomalies are
revealed at the Curie points (TC ¼ 77 K for the sample with x ¼ 0, 164 and 383 K for x ¼ 0.2, 419 and 434 K
for x ¼ 0.6 and 1, respectively). From the results, it is concluded that the magnetovolume effects in these
compounds originate mainly from the antiferromagnetic interlayer MneMn exchange interactions, and
the intraplane ferromagnetism does not influence the magnetoelasticity.

� 2011 Published by Elsevier Ltd.
1. Introduction

The ternary intermetallic compounds containing rare-earth R,
transition metal T and a p-group element X have attracted
considerable attention due to their interestingmagnetic properties.
Among them, a great number of publications have been devoted to
RMn6Sn6 compounds (with R ¼ Sc, Y, GdeTm and Lu), including
magnetization measurements [1e3], neutron diffraction [4],
Mössbauer spectroscopy [4], NMR spectroscopy [5], transport,
magnetotransport [6], magneto-optical measurements [7], and
some theoretical studies on their electronic structure [8]. All these
compounds crystallize in the hexagonal HfFe6Ge6-type structure
with space group P6/mmm (Fig. 1). This crystal structure can be
described as layers of R andMn atoms alternately stacked along the
c-axis in the sequence Mne(R,Sn)eMneSneSneSneMn. The
magnetic structure of RMn6Sn6 compounds consists of two inter-
acting subsystems: one of them is composed of R atoms and Mn
atoms form the other. The observed complex magnetic behavior of
these compounds with various magnetic phase transitions origi-
nates from the temperature-dependent competition between the
MneMn, ReMn and ReR interactions as well as the magneto-
crystalline anisotropies of the R and Mn sublattices. Both the
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intralayer MneMn interaction (J0) which is the strongest,
and the interlayer MneMn exchange interaction through the
MneSneSneSneMn slab (J1) are always positive (ferromagnetic),
while the nature of that within the Mne(R,Sn)eMn slab (J2)
depends on the MneMn interatomic distances and so is very
sensitive to the R element [9,10]. The ReMn coupling is negative for
heavy R elements and strongest for R^Gd [11,12], with the same
order of magnitude as the interlayer MneMn one. Among the
RMn6Sn6 family, the compound with R^Er has a complex behavior
displaying several transitions: spontaneous (temperature-induced)
transitions characterized by antiferromagnetism below TN ¼ 352 K
and a transition to ferrimagnetic state at about 75 K, as well as
metamagnetic (field-induced) ones in its ordered state [1]. In order
to better understand the contributions from the two sublattices to
these magnetic behaviors, we decided to study the effect of Gd
substitution for Er on the structure and certain magnetic and
magnetoelastic properties of Er1�xGdxMn6Sn6 (0 � x � 1)
compounds. Since the Mn sublattice favors an easy plane anisot-
ropy and Er and Gd both reveal an easy plane behavior in the whole
ordered state [4] as well, there will be no competition between the
two sublattice anisotropies and consequently no spin reorientation
process is expected in the studied compounds. Because of the
strong interatomic distance dependence of the MneMn interlayer
interactions, one may expect that these magnetic transitions
involving variation of arrangement of Mn moments, are likely to be
accompanied by anomalies in the magnetoelastic behaviors.
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Fig. 1. Schematic representation of the HfFe6Ge6-type crystal structure and magnetic
interactions in RMn6Sn6 compounds.

Fig. 2. Observed (circles) and calculated (solid lines) XRD pattern of the
Er0.4Gd0.6Mn6Sn6 sample at room temperature. The vertical bars indicate the position
of Bragg reflections. The difference between the observed and calculated intensities is
given at the bottom of the diagram. The pattern has been indexed on the basis of the
HfFe6Ge6-type structure.

Table 1
Rietveld refined crystallographic parameters of Er1�xGdxMn6Sn6 samples.

Gd content
(x)

a (Ǻ) c (Ǻ) V (Ǻ3) c/a Rp(%) Rwp(%) Rexp(%) c2

0 5.52743 9.02036 238.671 1.6319 7.56 10.2 5.71 3.16
0.2 5.52835 9.01982 238.736 1.6316 7.26 9.94 5.70 3.10
0.6 5.53266 9.02602 239.274 1.6314 8.55 11.9 5.86 4.12
1 5.54671 9.04348 240.956 1.6304 7.38 11.4 5.82 3.85
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Therefore, in the present work, we have investigated the effect of
Gd substitution for Er on the thermal expansion and spontaneous
magnetostriction of Er1�xGdxMn6Sn6 (0 � x � 1) compounds.

2. Experiments

The Er1�xGdxMn6Sn6 (0 � x � 1) polycrystalline samples were
prepared by arc melting the constituent elements under high-
purity argon atmosphere in a water-cooled copper hearth. The
raw materials used were at least of 99.9% purity. The ingots were
turned over and remelted several times to insure their homoge-
neity. The synthesized ingots wrapped in a tantalum foil were
sealed in an evacuated quartz tube, annealed at 1023 K for 4 weeks,
and then quenched in water to obtain single-phase materials. The
purity and microstructure of the prepared samples were checked
using X-ray powder diffraction (XRD) with monochromatic Cu Ka
radiation (l w 1.5406 Å) in the 2q range of 20e90� in a continuous
scan modewith a step width of 0.05� and using a scanning electron
microscopy (SEM) (Leo 1450VP, Carl Zeiss SMT, Germany). For
structural characterization, analysis of the obtained XRD profiles
were performed using the Rietveld refinement method, through
the Fullprof software (see for instance [13]). In order to reveal the
magnetic phase transitions, the thermomagnetic measurements
were 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 77e330 K. The linear thermal expansions TE
normalized to 77 K (Dl/l ¼ (lT�l77K)/l77K) were measured 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 77e520 K. The accuracy of these measure-
ments was better than 2 � 10�6.

3. Results and discussion

The XRD patterns indicate that the samples are highly pure
single-phase with HfFe6Ge6-type structure (S.G. P6/mmm) with
small amounts of b-Sn, R2O3 and Mn3Sn2. The presence of such
minor impurity phases has been reported in most previous
attempts to prepare RMn6Sn6 samples by arc-melting or solid-state
reaction method, for instance ref. [14,15]. Fig. 2 presents, as an
example, the fitted diffraction pattern for Er0.4Gd0.6Mn6Sn6 sample
at room temperature. The refined crystallographic parameters
including lattice parameters and the conventional agreement
factors of the Rietveld analysis are summarized in Table 1. The
lattice parameters obtained for the two end members of the
present series arewell close to the reported values in literature [16].
The variation of the lattice parameters and the corresponding unit
cell volume versus Gd content (x) are depicted in Fig. 3. As readily
seen, the replacement of Er by Gd causes the lattice constants to
increase; this is related to the larger atomic radius of Gd compared
with Er. The non-linear variation of cell volume suggests that this
system does not follow the Vegard’s law; the lattice expands far
more rapidly than Vegard’s law predicts. It is worth noting that the
c/a ratio remains approximately constant indicating an isotropic
variation of the lattice. This should be due to the relatively similar
electronic configurations and ionic radii of Er and Gd. The SEM
microstructural analysis shows that the prepared samples contain
mainly grains of 1:6:6 phase with the mean size of about 200
micron and minor impurity phases in grain boundaries, consistent
with the XRD results.

The ac magnetic susceptibility cac of Er1�xGdxMn6Sn6 (x¼ 0 and
0.2) samples under a zero dc magnetic field in the temperature
range of 77e330 K are presented in Fig. 4. The cac measurements of
samples with x ¼ 0.6 and 1 (not presented here) are characterized
by a non-linear increase without revealing any transition point in
the studied temperature range. This is in agreement with the re-
ported neutron diffraction and magnetization measurements for
GdMn6Sn6 [4] and originates from the strong MneGd antiferro-
magnetic interaction causing the simultaneous ordering of the two
sublattices and consequently a ferrimagnetic arrangement for the
two compounds with a high Gd content (x � 0.6). The thermo-
magnetic curve for the sample with x¼ 0.2 (Fig. 4) reveals a peak at
about TC1 ¼ 165 K corresponding to its magnetic transition point.
The observed behavior can be explained as follows: at tempera-
tures below TC1, the strong ReMn antiferromagnetic interaction
which as said, is very sensitive to the MneMn interatomic
distances, dominates the MneMn one and causes the R and Mn
sublattices to order simultaneously leading to a ferrimagnetic
arrangement. At higher temperatures, as the ReMn interaction



Fig. 3. Variation of crystal structure parameters a and c and the corresponding unit cell
volume versus Gd content (x) in Er1�xGdxMn6Sn6 samples (0 � x � 1).
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weakens due to thermal expansion, the MneMn one dominates
resulting in an antiferromagnetic state. The cac behavior of the x¼ 0
sample (Fig. 4) is characterized by a strong increase of magnetiza-
tion at low temperature, without displaying the exact ordering
point. However, the transition temperature is obtained from its first
derivative curve. This behavior was expected and can be under-
stood based on the above discussion: at low temperature, the
EreMn strong antiferromagnetic coupling causes the Er and Mn
sublattices to order ferromagnetically in the (001) plane resulting
in a collinear ferrimagnetic order [4]. Hence, the TC ¼ 77 K ordering
point may be attributed to the ordering of the Er sublattice. As
temperature increases and the EreMn interaction weakens,
MneMn coupling dominates. Therefore, the Mn sublattice orders
antiferromagnetically and the Er sublattice is in a paramagnetic
state, resulting in an antiferromagnetic ordering between 77 and
above 330 K (330 K was the highest available temperature in this
Fig. 4. Temperature dependence of the ac susceptibility cac of the Er1�xGdxMn6Sn6

samples with x ¼ 0 and 0.2 with an ac magnetic field of 50 A/m peak value at 125 Hz
and in zero dc magnetic field.
measurement) It can also be seen from Fig. 4 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. However, this is less likely because a secondary phase with
such a pronounced peak would have been detected easily in the
XRD pattern of the sample (themagnetic transition temperatures of
the detected minor phases do not correspond to this point: b-Sn is
a paramagnetic, Er2O3 has a transition at TN ¼ 3.4 K and Mn3Sn2 at
TC1 ¼ 262 and TC2 ¼ 227 K). This not being the case, we can
conclude that it is a feature belonging to the main phase needing
further investigation. The insignificant distinct feature at about
260 K in the thermomagnetic curves of all the samples should be
due to the minor impurity phase Mn3Sn2.

Fig. 5 shows the temperature dependence of the zero-field
linear thermal expansion dl/l of Er1�xGdxMn6Sn6 (0 � x � 1)
samples in the range of 77e520 K. The LTE coefficients (a) versus
temperature depicted by taking a point-to-point temperature
derivative of the dl/l data are presented in Fig. 5, as well. All the
curves display a metallic behavior with a change of slope at a point
which is more readily observed as anomalies in the a(T) behavior.
Fig. 5. Temperature dependence of the linear thermal expansion (LTE) and thermal
expansion coefficient a versus temperature for Er1�xGdxMn6Sn6 (0 � x � 1) samples.
The dashed lines show the simulated phonon contribution (Grüneisen law) using
qD ¼ 102 K.



Table 2
Magnetic transition temperatures of Er1�xGdxMn6Sn6 samples (Fi^ferrimagnetic,
AF^antiferromagnetic).

Gd content (x) TC1 (K) TN (K) TC (K) Magnetic order

0 z77 340 e Fi-AF
0.2 164 335 383 Fi-AF-Fi
0.6 e e 419 Fi
1 e e 434 Fi

Sh. Tabatabai Yazdi et al. / Intermetallics 22 (2012) 116e121 119
The effect of Gd substitution is revealed to be an increase in the
a values attributed to the ionic size. It is worth mentioning that for
all the samples, the slope change at transition temperatures is
continuous and well-defined indicating second order phase tran-
sitions (no first order structural transition occurring). For the
sample with x ¼ 0, this anomalous behavior of LTE coefficient
extends over the temperature interval of 295e340 K, namely from
the onset of the antiferromagneticeparamagnetic transition to the
point where this phenomenon is completed. The observed signifi-
cant volume expansion at about 340 K should be due to a transition
of the Mn sublattice to the antiferromagnetic order. It is believed
and also confirmed by the present cac measurements, that at about
77 K, the Er sublattice moments in ErMn6Sn6 align ferromagneti-
cally, but as seen this alignment does not cause any notable
anomaly in the thermal expansion behavior. These observations
and the above discussion indicate a TN ¼ 340 K and TC z 77 K for
the ErMn6Sn6 sample, close to the 352 and 75 K values suggested by
Venturini et al. [1]. For the sample with x ¼ 0.2, in addition to
considerable expansion accompanying the transition from antifer-
romagnetic to ferrimagnetic (at about TN ¼ 335 K), the a(T)
behavior reveals anomalies at 164 K, where the ac susceptibility has
an anomaly (point at which the R sublattice orders) and at 383 K,
too. This can be interpreted as follows: as mentioned, the ReMn
coupling is proportional to JR�MnMRMMn (J is the exchange coupling
parameter and M is the saturation magnetization), which in turn is
proportional to (g�1)<J>RMMn (g factor of the R component) [11].
The quantity (ge1)J is the largest for R ¼ Gd and falls off rapidly
toward both ends of the lanthanide series (JGdeMn¼e0.93meV and
g ¼ 2 [12]). Therefore, Gd substitution makes the ReMn coupling
stronger leading to transition from antiferro- to ferrimagnetic state
at about TN¼ 335 K. Hence, the antiferromagnetic state is not stable
and as temperature increases, thermal expansion causes the
MneMn interlayer interaction, which is sensitive to the interatomic
distances, to turn into positive and the system reenters the ferri-
magnetic state before becoming paramagnetic at about 383 K.
Upon Gd substitution, the interatomic distances increase and
consequently the MneMn coupling weakens. However, as seen
from Fig. 3, introduction of 20% Gd in ErMn6Sn6 does not greatly
change the cell parameters and volume. So the MneMn interac-
tions should not significantly differ, and therefore the TN of the two
compounds with x ¼ 0 and 0.2 vary slightly.

For the compounds with higher Gd concentration (x � 0.6), LTE
behavior displays a shallow anomaly near TC (TC¼ 419 and 434 K for
the samples with x¼ 0.6 and 1, respectively) which is highlighted in
the a(T) curves, along with a change of slope at a TM ¼ 309e311 K.
The occurrence of the observed positive volume anomalous
behavior upon the ferri- to paramagnetic transition can be
explained as follows: the loss of ferrimagnetism on heating through
TC leads to a decrease in the number of nearest ReMn neighbors
with the indirect 4f-5d-3d exchange interactions with antiparallel
spins (and therefore attraction interaction) and hence the crystal
volume increases. The anomalous behavior (noticeable volume
expansion) observed around TM, should be due to the collapse-like
reduction of ferromagnetic Mn moments at this temperature,
consistent with the thermal variation of Mn moments in this
compound reported previously [4]. This has been discussed in
detail in our previous paper on GdMn6Sn6 sample [17]. In
compounds with lower Gd content (x � 0.2), the anomalous
behavior associated with the Mn moments reduction coincides
somewhat and should be overshadowed by the magnetovolume
effect due to themagnetic transitions resulting from sign reversal of
the ReMn interactions.

In summary, the examined samples exhibit considerable TE
anomalies (notable volume expansion) at the TN of the related
sample and also at TM ¼ 309e311 K where the Mn moments
experience collapse-like reduction, while trivial anomalies are
revealed at the TC points. In regard of magnetic arrangements of
sublattices at the transition temperatures of the involved samples,
one can conclude that the magnetovolume effects in these
compounds originate mainly from the antiferromagnetic interlayer
MneMn exchange interactions, and the intraplane ferromagnetism
does not influence the magnetoelasticity.

The values of the transition temperatures of the studied samples
estimated from the a curves are summarized in Table 2, which for
the two endmembers of the series (x¼ 0 and 1) are well consistent
with the literature [1]. As seen, the ordering temperature increases
by the Gd content, although one may expect otherwise from the
increase in the unit cell parameters by Gd substitution. This is an
important difference between the magnetic behaviors of stannides
and germanides; in RMn6Ge6 compounds, the ordering tempera-
ture decreases with the size of the R element due to the larger
MneMn interatomic distances and consequently weaker MneMn
interactions [18]. An increase in the size of the R element acts in an
opposite way in RMn6Sn6 compounds [1]. In stannides, ordering
temperature increases with an almost linear trend with respect to
the ionic radius of R element, except for those with nonmagnetic R
and Tm. This can be explained using the two-sublattice mean field
model [19] expressing TC in terms of ReMn and MneMn coupling
constants (JReT and JTeT). As mentioned above, in RMn6Sn6
compounds there are several interactions: a positive interalayer
MneMn direct interaction (J0), a positive interlayer MneMn
superexchange interaction through MneSneSneSneMn slab (J1),
an interatomic distance-dependent interlayer MneMn super-
exchange through Mne(R,Sn)eMn slab (J2) and a next nearest layer
long-range interaction (J3). The different observed magnetic
arrangements arise from the competition between J2 and J3, and in
compounds with heavy R elements, with JReMn. In the case of the
compoundwith R^Gd owing to the negative JR-Mnwith the highest
value, positive J2 (for larger MneMn distances) and negative J3 may
be somewhat compensated and hence, JGdeMn being preponderant
tends to align the Mn moments within the Mne(R,Sn)eMn slab.
Therefore, Gd introduction causes the ordering temperature to
increase.

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 governed by the
Grüneisen law. According to this empirical law a (T) ¼ g kT Cv (T)/3,
where the Grüneisen parameter g and isothermal compressibility
coefficient kT are relatively insensitive to temperature, the TE
coefficient a and specific heat Cv have essentially a linear rela-
tionship. Since contribution from the electronic subsystem is
negligible in comparison with the magnetic and lattice ones, the
difference between the observed TE and the phonon one which we
use in Debye’s elementary model with qD ¼ 102 K derived from the
specific heat data [20], is due to the magnetic interactions. The
calculated nonmagnetic contribution that has been fitted to the
experimental results in the paramagnetic regime is depicted in
Fig. 5 as a dashed line. Assuming that the linear thermal expansion
dl/l is isotropic, the spontaneous volume magnetostriction is
us ¼ 3(dl/l)m. The temperature dependence of the us values of



Sh. Tabatabai Yazdi et al. / Intermetallics 22 (2012) 116e121120
Er1�xGdxMn6Sn6 (0� x� 1) samples are shown in Fig. 6. As seen, in
all samples, us does not vanish at the ordering point and, as in
several related intermetallics, some insignificant spontaneous
magnetostriction effects do persist at higher temperatures in the
paramagnetic phase. This reflects existence of short-range
magnetic correlations above the ordering temperature. As is one’s
expectation from the strong GdeMn interaction, Gd substitution
reduces the temperature interval where the short-range orders
exist, indicating stabilization of the magnetic state.

Fig. 6 reveals that us values of the studied samples increase
slightly by Gd substitution. In order to analyze in more detail the
observed spontaneous magnetovolume effects, let us consider
a phenomenological theory stating that the extra contribution to
the thermal expansion over the lattice one is caused by a change in
themagnitude of local moments and also by a change in the relative
orientations of the neighboring ones [21]. It means that magnetic
volume change is composed of two contributions: a band term
being proportional to the square amplitude of the local spin fluc-
tuations or in other words, the square of the local moments
(longitudinal spin fluctuations or Stoner excitations [22]) and an
interaction term being proportional to the pair correlation function
between local moments (transverse spin fluctuations or spin-wave
excitations). Therefore, the magnitude and temperature depen-
dence of us of these intermetallics in a two-sublattice model can be
described as follows [23]:

us ¼ nMn�Mnm
2
Mn þ nMn�RmMnmR þ nR�Rm

2
R (1)

where nMn-Mn and nReR are the magnetoelastic-coupling coeffi-
cients in the Mn and R sublattices, respectively, and nMneR is the
inter-sublattice coupling coefficient (n3de3d >> n3de4f >> n4fe4f).
The last term is known to be negligible in intermetallics with a high
3d metal content [24]. In the involved compounds, the average
moments of Mn atoms are almost constant, while the R atoms one
differs in each sample (in low temperatures mGd < mEr [4]). There-
fore, trivial increase in us values of Er1�xGdxMn6Sn6 compounds by
Gd substitution (see Fig. 6) indicates the predominant influence of
strong GdeMn coupling.

Resuming this paper, from the low values of us in the TC regions,
we conclude that the transverse spin fluctuations of R magnetic
moments are the main origin of volume effects in these regions,
whereas, the large us values at TN and TM regions can be ascribed to
the longitudinal spin fluctuations. Inspecting again theMnmoment
collapse at TM, it should be mentioned that, considering a linear
relation between nMneMn and the unit cell dimensions [25],
a volume change of more than 10% would be expected if the Mn
Fig. 6. Temperature dependence of the spontaneous volume magnetostriction us for
Er1-xGdxMn6Sn6 (0 � x � 1) samples.
moment of 2.4 mB (at temperatures below 300 K) collapsed
completely at TM. The observed value of about 1% suggests that the
Mn moment does not collapse to zero at TM, but remains finite due
to spin fluctuations.
4. Conclusions

The highly pure single-phase polycrystalline samples of
Er1�xGdxMn6Sn6 (0 � x � 1) intermetallics were prepared by arc
melting method. All the compounds are isotypic and possess
a hexagonal HfFe6Ge6-type structure (S.G. P6/mmm). The replace-
ment of Er by Gd causes the lattice constants to increase; this is
related to the larger atomic radius of Gd compared with Er. The Gd
substitution has significant effect on the interatomic distances and
especially on inter-sublattice ReMn couplings. Hence, the
substituted Er1�xGdxMn6Sn6 compounds display abundant behav-
iors. In the present paper, we have reported the results of linear
thermal expansion of the involved samples in the temperature
range of 77e520 K measured using the strain-gage technique. The
experimental results obtained are discussed in the framework of
two-magnetic sublattice by bearing in mind the lattice parameter
dependence of interlayer MneMn exchange interactions in these
layered compounds. The studied samples exhibit considerable TE
anomalies (notable volume expansion) at TN of the related sample
(340 and 335 K for the samples with x¼ 0 and 0.2, respectively) and
also at TM ¼ 309e311 K where the Mn moments experience
collapse-like reduction. Whereas trivial anomalies are revealed at
TC points (77 K for the sample with x ¼ 0, 164 and 383 K for x ¼ 0.2,
419 and 434 K for x ¼ 0.6 and 1, respectively). Consequently, the
magnetovolume effects in these compounds originate mainly from
the antiferromagnetic interlayer MneMn exchange interactions,
and the intraplane ferromagnetism does not influence the mag-
netoelasticity. The transition temperature values of the samples
estimated from the a curves show that Gd substitution increases
the ordering temperature following the reinforcing of the ReMn
coupling.

The computed spontaneous volume magnetostriction (us)
values of the studied samples reveal a trivial increase on Gd
substitution indicating the predominant influence of strong
GdeMn coupling in the magnetovolume effects of these
compounds. The last remark is that Gd substitution reduces the
temperature interval where the short-range orders exist in the
paramagnetic phase, indicating stabilization of the magnetic state.
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