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Abstract

Spin reorientation in the single crystal of 32x14x2 SiFeEr +−  with )5(250x .=  has been studied in the temperature

range K 3004−  by means of the magnetic measurements and Mössbauer spectroscopy on Fe57  by using the
keV14.41−  resonant transition. The bulk magnetic moment has been measured versus applied field up to

T 98.±  along the c-axis of the mmc/P 36  cell at K 4 . The hysteresis loop has been measured at K 300  for the
external field applied along the c-axis. The bulk moment has been measured versus temperature in the moderate
external field of T 10.  applied along the c-axis. The AC susceptibility has been measured for several frequencies
and amplitudes of the AC field applied along the c-axis versus temperature either in the null external field or in
the external field of T 10.  along the c-axis. Mössbauer measurements were performed versus temperature on the
powder sample and single crystal with the radiation beam oriented along the c-axis. The spin reorientation from
the b][a −  plane onto the c-axis occurs for all iron sub-lattices except for iron dumbbells substituting erbium
(2b) in the temperature range K 80130−  due to the domain flip mechanism. The reorientation is less perfect for
the sub-lattices containing silicon, i.e. (12j) and (12k). A gradual second reorientation of the above sub-lattices
occurs below K 50  leading to the partial recovery of the high temperature spin structure. Iron dumbbells
substituting erbium do not participate in this recovery. For temperatures below K 20  some dipolar contribution
to the iron field on (4f) dumbbell sites is seen. It is probably induced by the reorientation of the erbium magnetic
moments.
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1. Introduction

The spin reorientation occurs for many magnetically coupled systems with several magnetic
sub-lattices. In order to observe such phenomenon one needs to have a competition between
magnetic anisotropy on various sub-lattices. The latter anisotropy has to be of the magneto-
crystalline character. The magneto-crystalline anisotropy on the particular atomic site
originates from the spin orbit (SO) coupling. Hence, at least one of the magnetic sub-lattices
has to be occupied by the atoms having unquenched orbital moment of the electronic shell.
The orbital moment is susceptible to the interactions with the adjacent charge distribution
leading to the multiple spin reorientation versus temperature under favorable conditions [1, 2].
The chance for the spin reorientation is enhanced provided exchange interactions are vastly
different in various sub-lattices, and the coupling between sub-lattices is rather weak in
comparison with the coupling within the particular sub-lattice. Therefore, the inter-metallic
compounds between the rare earth having large unquenched orbital moment, e.g. Er  or Tm
and iron are good candidates to search for the spin reorientation provided the chemical unit
cell is large enough to accommodate multiple sub-lattices [3-6].

The inter-metallic compound 32x14x2 SiFeEr +−  crystallizes in the mmc/P 36  structure and no
structural phase transitions are observed versus temperature [7]. There are six in-equivalent
positions accessible to the larger atoms like erbium, iron and silicon. Erbium atoms occupy
(2b) and (2d) positions, while the iron atoms fill remaining positions (4f), (6g), (12j) and
(12k). The silicon atoms partly replace iron on the (12j) and (12k) positions on the more or
less random basis. Some erbium atoms on the (2b) sites are replaced by iron coming in atomic
pairs called dumbbells. These pairs occupy position (4e). The position (4f) is occupied by iron
dumbbell as well [8-11]. The amount of erbium replaced by iron dumbbell is described by the
parameter x . It was found that for this compound )5(250x .=  [12]. The compound orders
ferrimagnetically below K 480  [3]. This temperature is much higher than for the silicon-free
compound ( K 297 ) [3]. Hence, addition of silicon increases exchange interactions between
iron atoms, while the bulk magnetic moment is reduced, as the silicon carries practically no
magnetic moment [3]. For the magnetically ordered compound sites (6g) and (12k) split into
two groups each with the 1:2  occupation ratio. Sites (12j) split into three groups having equal
populations. However, two of them are indistinguishable one from another as far as the
hyperfine interactions on iron are concerned. Therefore, one has five in-equivalent iron
positions in the paramagnetic state (crystallographic positions) and eight such positions below
the magnetic ordering temperature (magnetic positions) [7, 13].

The bulk magnetic moment has broad maximum around K 250  [5, 12] due to the fact that the
erbium filled sub-lattice has much weaker magnetic coupling than iron filled sub-lattices, and
it orders antiferromagnetically in comparison with the iron sub-lattices. Sub-lattices filled
with iron have small magneto-crystalline anisotropy, as the orbital moment on iron atoms is
nearly quenched. The easy axis for these sub-lattices lies in the b][a −  plane [4]. On the other
hand, the sub-lattice filled with erbium has stronger anisotropy due to the unquenched orbital
moment and the easy axis is oriented along the c-axis at least at higher temperature [4].
Therefore, one has the competition leading to the spin reorientation. The bulk easy axis lies in
the b][a −  plane at temperatures ranging from the spin reorientation temperature till the Curie
temperature. On the other hand, the easy axis is oriented along the c-axis below the spin
reorientation temperature. The spin reorientation does not occur for the silicon-free
compound, as for the latter case the iron sub-lattices remain dominant at all temperatures [3].
The spin reorientation temperature is very sensitive to the silicon content and it varies
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approximately from K 116  [4] to K 125  [3]. This spin reorientation (high temperature spin
reorientation) is a transition of the first order [4]. Another spin reorientation takes place below

K 50  (low temperature spin reorientation). The bulk easy axis departs gradually from the c-
axis, and it makes some cone with the c-axis. It has been found that the apex angle of this
cone amounts to about o60  in the vicinity of the ground state. Hence, the easy axis is tilted by
about o30  from the c-axis in the ground state of the system [4, 5]. Such behavior is likely to
be caused by the interaction between the orbital magnetic moment and the charge distribution
around the erbium atom. Some anisotropy within the b][a −  plane is seen around the onset of
the lower spin reorientation transition. No spin canting occurs within this system [4].

The Mössbauer spectroscopy is the local microscopic method, and therefore one can see in
principle the spin reorientation for each sub-lattice separately. However, for random samples
this method is not very sensitive to the spin reorientation. The spin reorientation leads to the
reorientation of the local hyperfine field. Therefore, the value of the field changes a bit due to
the relative rearrangement of the dipolar and orbital terms with respect to the dominant
contact term. The contact term is dominant in the case of iron. Some changes in the effective
electric quadrupole interaction could be seen as well, as the relative orientation between the
hyperfine field and the principal electric field gradient (EFG) axes quite often changes during
the spin reorientation. Usually, the electric quadrupole interaction is a small correction to the
dominant magnetic dipole interaction for the compounds under interest, and the effect above
mentioned is minor [6, 14]. On the other hand, the use of single crystalline samples leads to
the major changes in the relative line intensities during the spin reorientation provided the
proper sample orientation is chosen. Similar system has been investigated versus temperature
by means of the Mössbauer spectroscopy, however the polycrystalline sample was used [15].

The paper reports on the studies of the spin reorientation in the 32x14x2 SiFeEr +−  single crystal
by means of the magnetic measurements and Mössbauer spectroscopy.

2. Experimental

The sample was prepared by the arc melting of the pure elements ( Er % 999. , Fe % 9899.
and Si % 99999. ) in a tri-arc furnace on a water-cooled copper crucible under the protective
argon atmosphere. The ingot was turned and re-melted several times and afterwards it was
kept in the molten state for about one hour in order to ensure good homogeneity. The single
crystal was grown from the molten ingot by the Czochralski method using a tungsten rod as a
seed under mm/h 10  pulling speed [12]. A cylindrical part of the single crystal with the c-axis
pointing approximately along the cylinder axis was cut for the magnetic measurements. A thin
plate was cut perpendicular to the c-axis for the Mössbauer measurements on the single
crystal. The plate was thinned to about µm 20  maintaining c-axis perpendicular to the surface
in order to make suitable absorber. A part of the crystal was crushed into the coarse powder
for the Mössbauer measurements on the random samples.

AC susceptibility and DC magnetization measurements by an extraction method were
performed in the temperature range K 3004 −  using the AC Measurement System (ACMS)
option for the Quantum Design Physical Property Measurement System (PPMS) equipped
with the T 9  longitudinal magnet. The sinusoidal excitation field ACB  and stationary field

extB  were aligned one versus another, and furthermore they were aligned along the c-axis
within about o10  accuracy. Data were collected for decreasing and increasing temperature for
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each run, respectively. The sample was magnetized to “saturation” before collecting data in
order to erase the previous history. The hysteresis loop has been obtained at K 4  and K 300
for the external field extB  ranging from T 98.−  to T 98.+ . The bulk magnetic moment has
been measured versus temperature in the external field T 1.0=extB . The AC magnetic
susceptibility χ  has been measured for several frequencies and two amplitudes
( mT 2.0=ACB  and mT 0.1=ACB ) without applying the external field and within the external
field T 1.0=extB  with the amplitude mT 25.0=ACB .

Mössbauer data were collected for the keV-41.14  transition in Fe57  for the temperature
range K 3002.4 −  on powder and single crystalline samples in the null external field.
Standard Co(Rh)57  source kept at room temperature was used. The spectrometer was
calibrated using Feα −  iron foil kept at room temperature. All shifts are reported versus room
temperature Feα − . The single crystal was oriented in such way to align the radiation beam
axis with the c-axis, the latter being perpendicular to the plate plane. A deviation of the c-axis
from the beam axis remained within about o2 . The beam was highly collimated due to the
very small in-plane dimensions of the sample (about mm 3  diameter).

3. Discussion of results

3.1. Magnetic measurements

Figure 1 shows magnetic hysteresis obtained at K 4  on the sample with the erased history.
Inset in the left upper corner shows the bulk magnetic moment DCM  for the whole range of
the applied field, while the inset in the right bottom corner shows one branch of the loop
obtained at K 300  for the decreasing and increasing external field, respectively.

Figure 1. Bulk magnetic moment plotted versus applied external field at K 4  for the sample
with the erased history. The external field has been applied along the c-axis. Inset in the right
bottom part shows one branch of the hysteresis loop obtained for the decreasing and
increasing field at K 300 .
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The sample does not saturate at low temperature even for the strongest field applied. Similar
behavior is observed at K 300 . This is an indication for the presence of multiple magnetic
sub-lattices ordered in the ferrimagnetic fashion. The bulk moment of the “saturated” sample
is much higher at K 300  in comparison with the ground state moment. This result confirms
antiferromagnetic coupling between erbium and iron moments. A contribution due to the
erbium moment is significantly reduced with the increasing temperature. There is practically
no hysteresis in the vicinity of the K 300  temperature. On the other hand, the hysteresis loop
in the ground state has several inflection points indicating presence of various magnetic
hardnesses in particular sub-lattices.

Figure 2 shows bulk magnetic moment versus temperature. Data were obtained on the sample
with the erased history for the decreasing and afterwards increasing temperature. Moderate
external field T 1.0=extB  was applied along the c-axis.

Figure 2. Bulk magnetic moment obtained versus temperature in the moderate external field
aligned along the c-axis. For temperatures higher than K 200  and significantly lower than the
Curie temperature the bulk moment is practically temperature independent.

The bulk moment is practically temperature independent from K 300  till about K 200 . Upon
further lowering of the temperature some increase of the moment is observed due to the build-
up of the effective erbium moment along the c-axis. Spin reorientation on the c-axis leads to
the lowering of the bulk moment as the erbium couples antiferromagnetically to the iron.
Partial recovery of the magnetic moment below K 50  is caused by the second spin
reorientation towards the b][a −  plane leading to the decoupling of the erbium sub-lattice
from the remainder of the sample. Erbium sub-lattice remains oriented along the c-axis in the
moderate external field having the same orientation, while the remainder of the sample is
subject to the spin reorientation. The ground state is reached around K 10 . Sample history has
no significant effect on the bulk moment in the moderate field except for the region of the low
temperature spin reorientation, where the hysteresis loop has measurable width.

Figure 3 shows magnetic susceptibility χ  obtained for the AC fields applied along the c-axis.
There is no measurable hysteresis in the AC fields, and hence data are shown for the
decreasing temperature. Two spin reorientation regions are clearly seen in the null external
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field and for the very small AC amplitude. The real part of the susceptibility practically does
not depend on the frequency up to Hz 10000 . The imaginary part shows enhanced damping at
higher frequencies leading to the maximum shift towards higher temperatures. Damping is
particularly well seen for the highest frequency applied. Data for the AC amplitude increased
five times are shown for the lower frequencies Hz 101  and Hz 1000 . Susceptibility maxima
are broadened due to the AC saturation effects. Upon having applied external field along the
c-axis and small AC amplitude of mT 25.0=ACB  along the same axis one obtains significant
broadening of the spin reorientation region. This effect is particularly well seen on the
imaginary part of the susceptibility and for the lower frequencies. The high temperature spin
reorientation region clearly splits into two sub-regions. This effect could be seen for the low
temperature spin reorientation, too (see the real part of the susceptibility). It seems that such
smearing is caused by the local fluctuations of the silicon content.

Figure 3. Magnetic susceptibility χ  plotted versus temperature for various AC frequencies in
the null external field and for the moderate external field applied along the c-axis. Results in
the absence of the external field have been obtained for two distinctly different amplitudes of
the AC field. The AC field was applied along the c-axis.
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Results of the magnetic measurements are in agreement with the previous findings and they
confirm the presence of the two spin reorientation regions [4, 5].

3.2. Mössbauer results

Mössbauer spectra of the single crystalline magnetically ordered absorber have strongly
perturbed intensities of the particular lines due to the definite orientation of the hyperfine field
with respect to the incoming beam of radiation.

Let us consider well collimated unpolarized radiation beam emitted from the single line
resonantly thin source. The beam goes through the resonant absorber, the latter being rather
resonantly thin as well. Finally, the beam is registered by the detector the latter being
insensitive to the polarization of radiation. Let us assume that the hyperfine Hamiltonian
within the resonant absorber has non-scalar character, albeit it is described in the semi-
classical approximation with the quantization co-ordinates }{xyz  forming right-handed
Cartesian system on the resonant nucleus. Hence, relative intensities of the spectral lines
depend on the following coefficients provided ground state hyperfine levels are equally
populated [16]:
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Symbols ... ,2 ,1=L  and ... ,2 ,1='L  denote angular moments of the radiation modes, while the
symbols LLM  ..., ,−=  and 'L'L'M  ..., ,−=  corresponding magnetic quantum numbers of the
radiation. Index k  enumerates two different polarization modes having equal probabilities to
occur. Angles β  and γ  stand for the polar and azimuthal angle of the radiation direction in
the co-ordinates }{xyz , respectively. Symbols )(βL

kMd  and )(β'L
'kMd  denote matrix elements of

the generalized real spherical harmonics. Finally, the function )(βγf  describes distribution of
the beam direction with respect to the quantization co-ordinates }{xyz . In fact, relative line
intensities depend on the reduced coefficients defined as follows [16]:
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For dipolar transitions E1 or M1 one has the following condition satisfied 10 === L'LL . On
the other hand, for almost diagonal Hamiltonians in the base 〉Im|  only diagonal coefficients
are relevant, i.e., those with 'MM = . Here the symbol I  denotes nuclear spin, while the
symbol m  stands for the corresponding magnetic quantum number of the nuclear state. One
has to note that coefficients with 'LL ≠  could be expressed in terms of the coefficients with

'LL = . Hence, for diagonal Hamiltonian and dipolar transition one is left with the coefficient
111
11g , the latter being real number from the range +∞<≤ 111

112
1 g . It is worth noticing that the

coefficient 111
11−−g  is expressible in terms of the coefficient 111

11g . For the isotropic recoilless
fraction above coefficients describe distribution of the quantization axes }{xyz . For
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Hamiltonians dominated by the interaction with the magnetic hyperfine field axis-z  is either
parallel or anti-parallel to the hyperfine magnetic field B . For completely isotropic
distribution of the magnetic field with respect to the radiation beam direction, i.e., for

1)( ≡βγf  one obtains 1111
11 =g . For very well defined direction of the magnetic field one can

approximate distribution by the following function:
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Here the symbol 0β  denotes angle between magnetic field and the beam on the nucleus, while
the symbol )( 0β−βδ  stands for the Dirac-delta function. Neither inversion of the hyperfine
field nor inversion of the radiation beam direction has influence on the 111

11g  coefficient.
Hence, the angle 0β  is defined in the range 200 π≤β≤ . For the field perpendicular to the
radiation beam ( 20

π=β ) one obtains 2
1111

11 =g , while for the field either parallel or anti-parallel
to the radiation beam ( 00 =β ) one has +∞⇒111

11g . For our sample the radiation beam is co-
axial with the crystallographic axis c . One has to remember that for the “magic” polar angle

)31 acos(0 /=β  the coefficient 111
11g  equals unity in the same manner as for the completely

isotropic sample, as dependence on the azimuthal angle γ  for the diagonal Hamiltonian is
trivial. Hence, one can use any kind of the function )(γf  satisfying conditions of the equation
(3). The coefficient 111

11g  is strongly monotonous function of the polar angle 200 π≤β≤
between direction of the magnetic field and radiation beam direction. The experimental
situation is shown in inset of Figure 4. For such simple case as outlined above the coefficient

111
11g  is expressed as follows (see Figure 4):
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Texture coefficients could be defined for each hyperfine site within the absorber
independently, of course.

Figure 4. Dependence of the angle 0β  on the coefficient 111
11g  is shown. Inset shows the

orientation of the single-crystal versus the incoming beam. Note the “magic” angle.
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The Mössbauer spectra of the more or less randomly oriented powder sample are shown in
Figure 5.

Figure 5. Mössbauer spectra of the randomly oriented powder sample. Solid lines represent
fit results within the eight-site model.

These spectra were fitted within the transmission integral approximation [16] with eight iron
magnetically split sites [12, 17]. Contributions of the particular sites were fixed on the values
obtained from the room temperature spectrum fit. Essential results are summarized in Table 1.
The sample has almost random distribution of the hyperfine fields. The coefficient 111

11g  has
been fitted as common for all iron sub-lattices. Some small in-plane magnetization is seen at

K 300  due to the magnetic softness of the material at this temperature and sample shape
anisotropy. On the other hand, magnetic moments of iron are oriented randomly below the
high spin reorientation temperature.
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Table 1
Mössbauer parameters of the powder sample. The symbol c  stands for the contribution to the
absorption cross-section due to the particular crystallographic site. The symbol B  denotes
hyperfine field on the particular magnetic site, while ∆  stands for the effective quadrupole
splitting on the same site. The symbol S  stands for the total shift of the particular
crystallographic site with respect to the room temperature Feα − . Upper rows show values of
B  and ∆  for magnetic sites being stronger populated.

T (K)Site
c (%)
±1 Error 300 80 4.2

111
11g ±0.01 0.94 1.00 0.98

B (T) ±0.1 24.3 32.0 31.7
S (mm/s) ±0.01 0.12 0.26 0.26

4f
14

∆ (mm/s) ±0.01 0.05 -0.11 -0.08
B (T) ±0.1 17.4

15.2
21.8
19.7

22.2
20.4

S (mm/s) ±0.01 0.01 0.12 0.14

6g
21

∆ (mm/s) ±0.01
±0.03

0.13
0.27

-0.06
0.02

-0.03
0.11

B (T) ±0.1
±0.2

21.4
19.9

26.2
25.2

26.6
26.6

S (mm/s) ±0.01 -0.02 0.03 0.07

12j or 12k
30

∆ (mm/s) ±0.01
±0.04

-0.07
-0.22

-0.38
0.11

-0.05
-0.55

B (T) ±0.1 19.5
18.4

24.4
25.5

24.7
24.5

S (mm/s) ±0.01 -0.04 0.11 0.11

12k or 12j
32

∆ (mm/s) ±0.01
±0.04

0.13
0.17

-0.30
0.27

-0.17
0.12

B (T) ±0.2 6.5 7.6 8.1
S (mm/s) ±0.03 0.22 0.66 0.56

2b⇒ 4e
3

∆ (mm/s) ±0.1 0.3 0.6 0.6

Single crystal spectra are shown in Figure 6, while essential results are gathered in Table 2.
The same fitting model was used for the single crystalline spectra as for the powder spectra.
One has to note, that well collimated unpolarized beam of the incoming radiation is
perpendicular to the absorber plane and aligned with the crystal c-axis. Relative intensities
remain constant all the way from K 300  till K 130 . The high temperature spin reorientation is
practically completed at K 80 . The spectrum obtained at K 20  shows significant recovery,
while the ground state spectrum obtained at K 2.4  has similar relative intensities as the
spectrum of K 300 .

The recovery in the ground state is not complete, but the apex angle of the cone amounts to
o134 , i.e., it is much larger than the corresponding angle found by the magnetic measurements

( o60 ) [4]. It is believed that this discrepancy is due to the enhanced shape anisotropy of the
thin absorber plate. The shape anisotropy tends to move spins (and hyperfine fields, too) into
the sample plane. However, it is insufficient to block the high temperature spin reorientation.
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Figure 6. Mössbauer spectra of the single crystalline sample with the radiation beam aligned
with the crystal c-axis. Solid lines for spectra in the temperature range K 11090−  (both ends
inclusive) were obtained within the sixteen-site model, while for the remaining spectra solid
lines represent results obtained within the eight-site model.
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Table 2
Mössbauer parameters for single crystalline sample. The angle 0β  stands for the average
angle between the c-axis and the iron hyperfine fields.

T (K)Site
c (%)
±1

Error 300 130 110 100 95 90 80 20 4.2

111
11g ±0.01 0.55 0.57 0.63 1.04 1.82(3) 3.14(8) 5.3(2) 1.76(5) 0.68

0β (deg) ±1 77 75 70 54 41 32 24 42 67
B (T) ±0.1 24.1 28.6 28.9 30.0 30.7 31.1 31.5 31.6 30.0
S (mm/s) ±0.01 0.11 0.22 0.21 0.21 0.24 0.24 0.22 0.21 0.22

4f
14

∆ (mm/s) ±0.02 0.08 0.10 0.05 -0.01 -0.05 -0.06 -0.08 -0.10 0.05
B (T) ±0.1

±0.2
16.9
14.9

20.7
18.0

20.9
18.8

21.4
19.6

21.2
19.8

21.3
19.5

21.2
19.4

22.0
20.0

21.7
19.5

S (mm/s) ±0.01 -0.02 0.09 0.08 0.11 0.10 0.12 0.12 0.15 0.08

6g
21

∆ (mm/s) ±0.02
±0.05

0.11
0.23

0.12
0.15

0.05
0.17

0.00
-0.04

-0.05
-0.12

-0.05
-0.06

-0.02
0.00

-0.10
-0.04

0.03
0.14

B (T) ±0.1
±0.3

21.1
20.5

25.3
23.0

25.5
23.7

25.9
23.9

26.1
23.7

26.2
23.8

26.3
24.2

26.3
26.6

26.3
26.0

S (mm/s) ±0.01 -0.02 0.07 0.07 0.05 0.06 0.10 0.12 0.07 0.08

12j
or 12k

30
∆ (mm/s) ±0.02

±0.07
0.04
-0.40

-0.05
-0.30

-0.06
-0.33

-0.15
-0.29

-0.20
-0.30

-0.29
-0.39

-0.36
-0.39

-0.06
-0.56

-0.01
-0.39

B (T) ±0.1
±0.3

19.1
19.0

23.0
22.6

23.3
23.1

23.8
23.6

24.0
23.6

24.3
23.4

24.3
23.2

24.4
24.2

24.2
24.0

S (mm/s) ±0.01 -0.04 0.06 0.08 0.06 0.07 0.05 0.06 0.09 0.07

12k
or 12j

32
∆ (mm/s) ±0.02

±0.06
0.04
0.39

0.05
0.37

0.04
0.30

-0.05
0.30

-0.11
0.13

-0.08
0.10

-0.10
0.01

-0.14
-0.01

-0.04
0.38

B (T) ±0.4 6.2 7.8 6.0 7.0 7.0 8.9 9.3 7.7 8.3
S (mm/s) ±0.1 -0.1 0.4 0.6 0.5 0.6 0.9 0.9 0.8 -0.1

2b⇒ 4e
3

∆ (mm/s) ±0.1 -0.5 0.3 0.4 0.2 0.3 0.2 0.2 0.2 -0.7

Spectra inside the temperature region between K 80  and K 130  were fitted with sixteen in-
equivalent iron sites. Each of the eight magnetically in-equivalent iron site splits into site with
the field oriented parallel or perpendicular to the c-axis. The high temperature spin
reorientation is some kind of the flip-flop process of the whole domain, as it is the first order
phase transition [4]. Hence, each magnetically in-equivalent iron site splits into site already
reoriented and remaining in the previous state. Once the domain is reoriented all local
moments participating in the reorientation flip together with the corresponding hyperfine
fields. In order to fit pattern with sixteen components one has to apply some constraints in
order to obtain meaningful results. For each of the eight pairs the following constraints have
been applied: a common shift and hyperfine field has been used, parameters ∆  and 111

11g  have
been taken from K 130  for the component with the field perpendicular to the c-axis and from

K 80  for the field parallel to the c-axis. The parameter 111
11g  is common for all sites with the

field parallel to the c-axis, and common albeit different for all sites with the field
perpendicular to the c-axis.

Table 3 shows relative contributions ⊥A  of the iron moments perpendicular to the c-axis on
the particular crystallographic sub-lattices within the region of the high temperature spin
reorientation.
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Table 3
Results for the sixteen iron sites model applied to the high temperature spin reorientation
region. The symbol ⊥A  denotes contribution from the iron atoms with the hyperfine field
perpendicular to the c-axis. It is defined for each crystallographic in-equivalent iron site
separately. Remaining iron atoms on the same crystallographic position have hyperfine field
co-axial with the c-axis.

T (K)Site
c (%)
±1

Error 110 100 95 90

⊥A (%) ±3 86 56 24 0
B (T) ±0.1 28.9 30.0 30.6 31.1

4f
14

S (mm/s) ±0.01 0.24 0.22 0.25 0.25
⊥A (%) ±3 95 55 27 1

B (T) ±0.1 20.9
18.8

21.5
19.6

21.3
19.8

21.4
19.6

6g
21

S (mm/s) ±0.01 0.10 0.10 0.09 0.10
⊥A (%) ±3 95 66 46 31

B (T) ±0.1 25.6
23.6

25.9
23.9

26.2
23.7

26.4
23.9

12j or 12k
30

S (mm/s) ±0.01 0.08 0.08 0.10 0.11
⊥A (%) ±3 92 64 29 13

B (T) ±0.1 23.3
23.2

23.9
23.8

24.4
23.3

24.6
23.4

12k or 12j
32

S (mm/s) ±0.01 0.09 0.08 0.07 0.05
⊥A (%) ±30 100 100 100 99

B (T) ±0.3 7.5 7.9 8.0 8.1
2b⇒ 4e

3
S (mm/s) ±0.1 0.3 0.5 0.5 0.5

It seems that the hyperfine fields on iron do not change measurably during the high
temperature spin reorientation, as fields resulting from the eight-site model and from the
sixteen-site model are nearly the same. Such behavior is found despite the fact that for the last
model a drastic change in the occupancy of the parallel and perpendicular sites occurs during
the transition. This is an indication that dipolar fields generated by erbium are almost
negligible at this temperature range.

The reorientation is almost perfect for sites containing pure iron, i.e., (4f) and (6g), and it is
less perfect for sub-lattices containing silicon, i.e. (12j) and (12k) [12]. It seems that iron
dumbbells substituting erbium do not participate in the spin reorientation in the whole
temperature range from the Curie temperature to the ground state.

The system is almost magnetically saturated below K 20 . On the other hand, some decrease
of the hyperfine field on iron particularly on the (4f) dumbbell sites is observed, while
lowering temperature from K 20  to K 24. . This phenomenon is probably due to the
reorientation of the erbium magnetic moments in this temperature range causing some change
in the dipolar fields on iron [6, 14]. Some small discrepancies within the iron hyperfine fields
seen at the same temperature for the powder and single crystal sample on the same iron sites
are probably due to the different spin orientation for these two samples caused by different
shape anisotropy, respectively. This conclusion is consistent with the simultaneous change of
the effective electric quadrupole interaction.
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