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a b s t r a c t

The Er2Fe14C intermetallic compound has been synthesized and studied by 57Fe Mössbauer spectroscopy
and differential scanning calorimetry (DSC). The spin reorientation phenomenon was investigated in this
compound in the temperature range 80–330 K by narrow step temperature scanning in the neighborhood
of the reorientation temperature 316 K. Spin arrangement in this compound was determined. Experimen-
tal Mössbauer spectra were analyzed by fitting six Zeeman subspectra according to six iron occupations
of the crystallographic sublattices, except for spin reorientation region, where each subspectrum splits
eywords:
pin reorientation
össbauer spectroscopy

alorimetry

additionally into two Zeeman sextets. A consistent description of Mössbauer spectra below, during and
above the spin reorientation temperature – was established. Parameters of hyperfine interactions, their
temperature dependencies in transition region and spin reorientation temperature were obtained from
consistent fits. DSC studies proved that the spin reorientations were accompanied by thermal effects. The
spin reorientation temperature was established to be TSR = 313 ± 2 K and the enthalpy of the transition
�H = 0.26 ± 0.04 J/g.

orien
A comparison of spin re

. Introduction

The Er2Fe14C intermetallic compound belongs to the R2Fe14B
tructure (R—rare earth) type and has a tetragonal crystal lattice
f the P42/mmm space group, where Fe atoms occupy six different
ositions in elementary cell: 16k1, 16k2, 8j1, 8j2, 4e, 4c; rare earth
toms occupy two different positions: 4f and 4g; and carbon atom
as 4g position [1,2].

We are specially interested in a spin reorientation process, the
esult of a competition between axial and planar tendency in Fe and
r sublattice [3], which occurs at the certain temperature, called the
pin reorientation temperature, TSR. In this process, the direction of
asy magnetization vector is changing from planar (in basal plane)
o axial (along the c-axis) with increasing temperature, without
ntermediate conical arrangement. The change of spin orientation
rom planar to axial arrangement is an important phenomenon
hich determines temperature region of axial anisotropy and gives

nformation about the suitability of this type of compounds for the
roduction of permanent magnets.

This phenomenon was studied previously by several groups for

ifferent rare earth ions [4–12].

It was confirmed by neutron diffraction investigations on single
rystals [13].
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tation process in Er2Fe14C and Er2Fe14B is presented.
© 2009 Elsevier B.V. All rights reserved.

The study of Er2Fe14B compound [10] revealed that reorien-
tation process takes part in the temperature range of 12 K and
established the reorientation temperature TSR = 324 K.

This study involves the investigation of the spin reorientation
phenomenon in Er2Fe14C magnetic material (with carbon, instead
of boron, which does not influence negatively on health and envi-
ronment during processing) using 57Fe Mössbauer spectroscopy
and DSC. We have studied Mössbauer spectra by narrow step tem-
perature scanning, trying to establish TSR and temperature range of
the transition process. Our purpose was also to investigate the influ-
ence of this process on hyperfine parameters and to study related
thermal effects. Additionally, we have compared spin reorientation
process in Er2Fe14C and Er2Fe14B compounds.

2. Experimental methods

The Er2Fe14C was produced by a standard procedure of induction melting under
flowing high purity argon and the subsequent annealing at 900 ◦C for two weeks.
The X-ray and thermomagnetic analysis proved the single-phase integrity of the
material.

The Er2Fe14C absorber for Mössbauer investigations, was prepared in the form of
thin layer of powdered material. This ensured a random distribution of orientation
of magnetic moments, which – for a thin absorber – would give 3:2:1 ratio for line
intensities in a single Zeeman pattern.

The Mössbauer spectra of Er2Fe14C were recorded in the temperature range

80–330 K, with 1 K step in the vicinity of reorientation temperature TSR, using a 57Co
(Rh) source and a computer driven constant acceleration mode spectrometer. The
velocity scale was calibrated with a high purity iron foil. Isomer shift was established
with respect to the center of the room temperature iron Mössbauer spectrum.

Er2Fe14C has also been investigated by differential scanning calorimeter Pyris 1
– DSC method. The compound has been studied in the temperature range 93–373 K

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:antoni.pedziwiatr@uj.edu.pl
dx.doi.org/10.1016/j.jallcom.2009.09.176
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Fig. 1. The exemplary Mössbauer spectra showing the transition process for
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the transition region related to “high temperature” and “low tem-
perature” Zeeman sextets, respectively. The difference of QS values
is significant for 8j2 crystal site. Above and below the transition
process QS is almost independent of temperature (Fig. 3).
r2Fe14C compound. The solid lines are the fits to the data. The bar diagrams show
he line positions and relative intensities. Positions of the first and sixth line of all
extets are marked with letters related to the particular subspectra, in the first and
ast spectrum.

ith different scanning rates (60–10 K/min) for heating and cooling cycles of mea-
urements.

. Results and discussion

.1. Mössbauer spectroscopy method

Mössbauer spectra were obtained in the temperature region
0–330 K, which includes temperature range below, above and
uring the transitions process. Spectra were analyzed with a trans-
ission integral approach [14] by fitting six Zeeman subspectra

ccording to six iron occupations of the crystallographic sublattices.
Each subspectrum was characterized by the three hyperfine

nteraction parameters: isomer shift – IS, quadrupole splitting –
S, define as [(V6 − V5) − (V2 − V1)]/2, where Vi are velocities corre-

ponding to Mössbauer line positions, and hyperfine magnetic field
B. One common set of three line widths was used for all Zeeman

ubspectra. The “exponential” approximation [14] of the transmis-
ion integral was used to describe obtained Mössbauer spectra. This
ethod takes into account the influence of sample thickness on

he ratio of line intensities in Mössbauer spectrum. A procedure of
imultaneous fitting of several spectra with interconnected param-

ters [10–12] was applied in order to get a consistent description
f spectra throughout the series. This method gave us possibility to
stablish the temperature dependence of hyperfine parameters.

Exemplary spectra for Er2Fe14C compound are presented in
ig. 1. The spectrum at the top of the figure is related to the tem-
nd Compounds 490 (2010) 11–14

perature below the spin reorientation (planar spin arrangement),
whereas the bottom one – to the temperature above the transition
process (axial spin arrangement). The spectra below and above the
reorientation region were described with six Zeeman sextets called
“low” and “high temperature”, respectively with relative intensities
according to iron occupations of the crystallographic sublattices
(4:4:2:2:1:1).

The three intermediate spectra represent the spectra measured
at temperatures inside the spin reorientation region, where the
coexistence of both types of sextets was assumed with contribu-
tions Cl and Ch to spectrum. This gives twelve Zeeman sextets in
the spectrum.

In comparison with single crystal investigations for Er–Fe based
compounds [15], for polycrystalline material there is no possibility
to use the change in the ratio of line intensities of Zeeman spectrum
for observing reorientation process. However, line positions related
to the sublattices slightly change due to changes of hyperfine inter-
action parameters during the reorientation. The most visible effect
is the appearing of the sixth line for the 8j2 sublattice sextet and its
separation from other lines. Its intensity has a clearly visible tem-
perature dependence, hence it was possible to establish precisely
the contribution of “high temperature” part of 8j2 sublattice to the
spectrum. This facilitated the observation of reorientation process.

In the reorientation region Mössbauer spectra below the reori-
entation (described by “low temperature” Zeeman sextets) and
above (described by “high temperature” Zeeman sextets) have
different values of B and QS. The systematic changes of B with tem-
perature were taken into account assuming the possibility of a shift
of this dependence during reorientation process.

The temperature dependencies of hyperfine magnetic field
derived from the spectra are shown in Fig. 2. For all sublattices, the
hyperfine field decreases with the increasing temperature below
and above region of spin reorientation. During the transition each
Zeeman sextet splits into two subspectra. Similar as in the case of
Er2Fe14B, the “high temperature” Zeeman sextet for 8j2 sublattice,
has larger hyperfine field than in the case of basal arrangement. For
all other subspectra we observed smaller values of B.

Quadrupole splitting QS is related to the angle between the easy
axis of magnetization and the electric field gradient direction [16],
and change of QS is connected with the change of this angle during
spin reorientation process. There are two different values of QS in
Fig. 2. The temperature dependence of hyperfine field, B, for different crystal sites
of Er2Fe14C, with a change in the value of B during reorientation process. The average
error is 0.1 T.
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Fig. 3. The temperature dependence of the quadrupole splitting, QS, for different
crystal sites of Er2Fe14C, with a change in the value of QS during reorientation
process. The average error is 0.01 mm/s.

Fig. 4. The temperature dependence of isomer shift, IS, for different crystal sites of
Er2Fe14C. The average error is 0.01 mm/s.

Fig. 5. The temperature dependences of subspectra contributions for Cl – “low temperatu
Er2Fe14C and Er2Fe14B [10] compounds.
Fig. 6. DSC curves for the Er2Fe14C compound. Peaks correspond to the heat emis-
sion/absorption of sample during the transition process. Measurements performed
on heating and cooling with the rate of 60 K/min.

A common linear temperature dependence of IS caused by
second-order Doppler shift effect was assumed for “low” and “high
temperature” Zeeman sextets (Fig. 4).

During the transition process “low” and “high temperature”
Zeeman sextets exchange gradually (between themselves) their
contributions Cl and Ch (Cl + Ch = 1) to the spectrum (Fig. 5). The spin
reorientation temperature value TSR, taken as the intersection point
of Cl and Ch curves (when both contribution are 50%), is 316 ± 1 K,
and it is about 8 K lower than in the case of Er2Fe14B compound
(TSR = 324.1 K) [10]. Reorientation region has a range of about 10 K,
which is close to the range for Er2Fe14B.

3.2. Differential scanning calorimetry (DSC) method

Considering thermal effects, such as the absorption and emis-
sion of heat, towards the reorientation process, we had observed
the endo- and exothermic curves for Er2Fe14C compound, using the

DSC calorimetry (Fig. 6).

The experiment shows well defined endo- and exothermic peaks
which correspond to the change of easy magnetization direction in
the crystal due to increasing/decreasing temperature.

re” (solid triangle) and Ch – “high temperature” (open triangle) Zeeman sextets for
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4 A.T. Pędziwiatr et al. / Journal of A

The spin reorientation temperature derived from this method
SRC = 313 ±2 K was taken as an arithmetic average of temperatures
btained for heating and cooling cycles. The temperature range of
he peak is about 10 K degrees region. This is close to the results
btained from Mössbauer measurements. The area under the DSC
eak is defined as the transformation enthalpy, �H = 0.26 ± 0.04 J/g.

For Er2Fe14B compound spin reorientation temperature
btained from DSC measurement is TSR = 325.5 ± 0.5 K and transi-
ion range is about 10 K. Thus, we can see that the substitution of

for B in Er2Fe14B compound shifts the reorientation process to
ower temperatures by about 12 K.

. Conclusions

We conclude that arrangement of magnetic moments in
r2Fe14C is similar to that in the rare earth iron borides, studied
efore [17]. For the Er2Fe14C compound axial spin arrangement
ominates at high temperatures while planar arrangement is
resent at low temperature. Comparing the spin reorientation pro-
ess for Er2Fe14C with process for Er2Fe14B, it is visible that the
ubstitution of C for B in Er2Fe14B compound shifts the reorienta-
ion process to lower temperatures by about 10 K. This only slightly

nfluences the physical parameters of the process, but does not
hange its character in general. From 57Fe Mössbauer spectroscopy
nalysis the spin reorientation temperature was established to be
SR = 316 ± 1 K while the result obtained from calorimetric mea-
urements is TSR = 313 ± 2 K.

[

[

nd Compounds 490 (2010) 11–14

Er2Fe14C is a compound synthesized with carbon, which does
not carry health hazard during processing. This feature can be useful
for the production of permanent magnets.
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