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Abstract

An iron chalcogenide sample with nominal composition FeTe0.5Se0.5 was syn-
thesized following a solid-state reaction route. X-ray diffraction followed by
Rietveld analysis were used for verifying the phase content. Using the field of
an 11.7 T magnet textured samples, having the c axes parallel with and nor-
mal to the sample surface, were made. 57Fe Mössbauer spectroscopy in trans-
mission geometry was used for characterizing the hyperfine parameters of
the iron site. Clear indications of vibrational anisotropy, i.e. the Goldanskii-
Karyagin effect, were observed. Fitting spectral absorption with the Debye
model yielded rather low Debye temperatures of 255(3) and 303(3) K, for
samples texturized with the c axis parallel with and perpendicular to the
Mössbauer γ beam, respectively. Also the second-order Doppler shift of the
isomer shift data exhibited a similar, although weaker, anisotropy.

Keywords: A. Chalcogenide superconductors; C. Rietveld analysis; D.
Goldanskii-Karyagin effect; E. 57Fe Mössbauer spectroscopy

1. Introduction

FeTe0.5Se0.5 is a Fe-based chalcogenide superconductor with the critical
temperature Tc ≈ 14 K [1]. The thoroughly studied parent phase FeSe has
a slightly lower Tc ≈ 8 K. 57Fe Mössbauer studies of FeTe0.5Se0.5 show that
sample powders texturize spontaneously upon sedimentation with the c axis
parallel to the direction of the gravitational force [2]. Due to texturizing
the quadrupole-split doublet of the Mössbauer spectra have a characteristic
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asymmetry, which can be removed by turning the sample into the so called
magic angle with respect to the direction of the incoming Mössbauer γ-ray
beam. Sometimes powdered crystallites can be oriented using an external
magnetic field and fixed in the desired direction by letting a mixture of pow-
der and a bonding agent harden in the field. In order for this to work the
magnetic susceptibility must exhibit an anisotropy along the crystalline di-
rections. The method has been used e.g. for high-Tc cuprate superconductors
[3].

The aim of our work was to study lattice anisotropy of FeTe0.5Se0.5 us-
ing magnetically oriented crystallites, with c axes parallel and normal to the
sample surface. Anisotropy in the vibrational stiffness at an atomic position
can lead to a directional dependence for the fraction of recoil-free absorption
of Mössbauer γ quanta. The anisotropy in the absorption for γ quanta en-
tering the crystallites at various direction relative to the lattice is called the
Goldanskii-Karyagin effect (GKE) [4]. It can lead to a characteristic asym-
metry in the line intensities, if the effect is large enough. However, texture
effects in the absorber and the Goldanskii-Karyagin effect are easily mixed
up [5]. Therefore, Mössbauer absorption should be measured along the var-
ious crystal directions. If the absorption varies with the crystal directions
then GKE is present. For that purpose either single crystals or samples with
oriented crystallites are needed.

2. Experimental

A solid-state reaction scheme was used for synthesis of a FeTe0.5Se0.5 sam-
ple. Stoichiometric mixtures of iron (99.9%, Alfa Aesar), tellurium (99.8%,
Sigma-Aldrich) and selenium (99.999%, Fluka AG) powders were sealed into
a quartz tube under vacuum and slowly heated from room temperature to
680 ◦C and sintered at this temperature for 24 h. Then the ampoule was
quickly removed from the furnace and quenched into cold water and the re-
sulting sample powder was reground, pressed into pellets at 10 kbar, again
sealed in an evacuated quartz tube, annealed for 24 h at 680 ◦C and quenched
in cold water. Quenchings were performed to see if phases of lower symme-
try would appear as in FeSe [6]. The as-prepared powder was re-ground and
three Mössbauer absorbers were made.

For Sample 1; ∼ 55 mg of powder was mixed with a 15-min epoxy glue,
spread evenly on a Teflon mold and immediately placed for an hour in a
horizontal position to harden in the vertical 11.7 T field of a strong magnet.
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For this purpose a Bruker Ultra-High-Field NMR magnet was used. For
Sample 2; ∼ 55 mg of powder was mixed with epoxy glue, spread evenly on
a Teflon mold and quickly placed in field of the magnet. A self-constructed
gearbox mechanism, made of plastics and Lego R© parts (Fig. 1) allowed the
sample to be rotated around a horizontal axis perpendicular to the field. The
sample was rotated for 1 hour until the sample-glue mixture had hardened
completely. For Sample 3; ∼ 28 mg of the powder mixed with epoxy glue
was spread evenly on an Al foil and left to harden under ambient conditions.

The phase and structure determination of the as-synthesized powder and
the magnetically aligned absorbers were carried out at room temperature
with a X-ray powder diffractometer (PanAnalytical X’Pert Pro MPD) using
Cu Kα1 radiation. Data were analyzed by the Rietveld method using the
FullProf program [7].

Mössbauer spectra were recorded with Doppler velocities of ∼ 2.0 mm/s
calibrated with α-Fe. Spectra were measured in transmission geometry in
the temperature interval 77− 320 K using an Oxford CF506 continuous-flow
cryostat with liquid N2 as coolant and a 57Co:Rh source (Ritverc Co. 25mCi
June 2018). The spectra were fitted using the MossWinn 4.0 program [8] with
the following Mössbauer parameters released in the fitting: the quadrupole
coupling constant eQVzz, the relative component intensities, the isomer shift
δ relative to α-Fe, and the average angle θave between Vzz and the direction
kγ of the γ-ray beam. The spectra were fitted using transmission integrals
and hence also the so-called Mössbauer thickness of the samples was fitted
in order to determine the recoil-free absorption factor fa. For the Mössbauer
measurement Sample 3 was positioned at an angle of ∼ 40◦ with respect to
kγ, in order to decrease sedimentation-induced texture effects. The increase
in the effective thickness had been anticipated in advance by using a smaller
amount of powder for this sample.

3. Results and Discussion

3.1. X-ray diffraction

The room-temperature X-ray diffraction patterns for the samples are
shown in Fig. 2 along with theoretical curves obtained by Rietveld analy-
sis and the difference curves between data and fitting. The analysis reveal
the presence of the main phase FeTe0.5Se0.5 and, as a minority phase, no
more than ∼ 3% of orthorhombic FeSe, according to Rietveld refinements.
No lower-symmetry phases were observed, i.e. quenching did not promote
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B = 11.7 T

Figure 1: Sketch of the mechanism for rotating the powder and epoxy mixture inside the
Teflon cup S. Cogwheels and axles were made of Lego R© parts.

4



0

1

2

3

4

 Observed

 Calculated

 Difference 

 Bragg FeTe0.5Se0.5

 Bragg FeSe

(1
1
1
)

(0
0
1
)

(1
0
1
)

(1
1
2
)

(2
0
0
)

(2
1
1
)

(1
0
3
)

0

1

2

3

4

In
te

n
s
it
y
 (

1
0

4
 c

o
u
n
ts

)

(1
1
1
)

(0
0
1
)

(0
0
2
)F

e
S

e

(1
1
2
)

(0
0
2
)F

e
S

e

(2
1
1
)

(0
0
4
)F

e
S

e

(1
0
1
)

(1
1
0
)

(2
0
0
)

(2
2
0
)

20 40 60 80

0

1

2

3

4

5

6

7

8

2θ (°)

(0
0
2
)

(0
0
1
)

(1
0
1
)

(0
0
3
)

(0
0
4
)

As-synthesized 
powder

Sample 2

Sample 1

Figure 2: Room-temperature XRD patterns indexed with Miller indices for the tetragonal
PbO structure of the FeTe0.5Se0.5 iron chalcogenide phase and for the minority phase FeSe.
An amorphous background caused by the epoxy glue is visible for Samples 1 and 2.
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the appearance of additional phases, as it does for Fe1−xSex [6]. The ob-
served FeSe impurity had a slightly shorter c axis than reported in literature
for orthorhombic FeSe [9]; ∼ 5.657(1) Å instead of 5.805 Å. It also exhibits
a remarkable inclination for texturizing. In Sample 1 FeSe exhibited an
almost complete 00l texturizing according to the Rietveld analysis, and is
therefore very visible in Fig. 2. Interestingly, regular tetragonal FeSe orients
perpendicular to an external field. The main phase has a crystal symmetry
described by a tetragonal PbO structure with P4/nmm space group (129).
The fitted values for the main-phase lattice parameters were a = 3.8007(1) Å
and c = 5.9741(2) Å. Iron occupies site 2a : (3/4, 1/4, 0) and Te/Se site
2c : (1/4, 1/4, z), with z fitted to 0.2747(2) in Sample 1 and 0.2664(5) in
Sample 3. The statistical parameter χ2 ranged from 5.05 for Sample 2 to
11.5 for the as-synthesized powder.

In Sample 1 prominent (hk0) peaks are observed for the main phase,
suggesting that the c axes are oriented parallel to the sample surface. In
Sample 2, rotated vertically in the sample cavity of the magnet, the (00l)
peaks are well observed, suggesting that the c axes are oriented normal to the
absorber surface. By fitting the textures of FeTe0.5Se0.5 in Sample 1 and 2 it
was possible to determine the spatial distribution of the c axes. The following
distribution function was used for the magnetically orientated samples:

D(θ) = a + (1 − a)ebθ
2

, (1)

where θ is the angle between the c axis and the normal of the sample surface,
a represents the randomly oriented fraction and b defines the width of the
distribution of the oriented fraction. For Sample 1 (hk0 reflections domi-
nate) b is negative, i.e. the function peaks at θ = 0◦, while for Sample 2 (00l
reflections dominate) b is positive, i.e. the function peaks at θ = 90◦. Param-
eters a, b, were directly obtained from the FullProf program: a = 0.88(2),
b = 2.35(3), and a = 0.0336(4), b = −12.5(2), for Samples 1 and 2, respec-
tively. An additional normalization of

N−1

∫ π

2

0

D(θ) sin θdθ = 1 (2)

was imposed for the distribution D(θ). The normalization parameter was
N = 6.7(8) and 0.0717(9) for Sample 1 and 2, respectively. The untexturized
background covered 13(2)% (47(1)%) of the grains in Sample 1 (2).

Also the atomic displacement parameters of the main phase were fit-
ted in the Rietveld analyses. As the chalcogenide site is co-occupied by
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the Se and Te elements, the displacement parameter is not very reliable for
them. For the iron site displacement parameters of B = 0.70(9) Å2 and
B = 1.80(9) Å2 were obtained for Sample 1 and 2, respectively. For Sam-
ple 3 we applied an anisotropic displacement parameter for iron, yielding
B11 = B22 = 1.3(4) Å2 and B33 = 2.8(4) Å2. These values indicate the
presence of a lattice anisotropy with the largest displacement along the c
axis.

3.2. Mössbauer spectra

At room temperature eQVzz = −0.58(1) mm/s and directed along the c
axis, while δ = 0.460(1) mm/s, in accord with literature [2]. The sign of Vzz

is readily confirmed using Samples 1 and 2 and the XRD-data. In order to
prove presence of GKE in the present samples we measured a temperature
series for all three samples. The 77.6 K data is shown in Fig. 3. The average
angle between Vzz and kγ was fitted to θave = 62(1)◦ for Sample 1, 42(1)◦ for
Sample 2, and 52.6(5)◦ for Sample 3. All spectra where fitted using transmis-
sion integrals and the thus obtained Mössbauer thicknesses are presented in
Fig. 4. The data is normalized to unity at 0 K, as the sample thicknesses were
not identical, but similar to within ±10%. The unitless Mössbauer thickness
can be defined as [10]

T = σ0nfa, (3)

where σ0 is the nuclear cross section for absorption of the 14.4 keV Mössbauer
quantum, n the number of 57Fe nuclei per area unit in the absorber and fa the
recoil-free fraction of absorption. The calculated thicknesses did not exceed
2 for any of the samples, i.e they can be regarded as thin [10]. The data of
Fig. 4 was fitted using the Debye model for the recoil-free fraction [11]:

fa = exp

[

−
6Er

kBθD

(

1

4
+ x−2

D

∫ xD

0

xdx

ex − 1

)]

, (4)

where Er is the recoil energy of a free nucleus, kB Boltzmann’s constant,
θD the Debye temperature, and xD = θD

T
a unitless temperature-dependent

factor. Owing to the exponential dependence neither the normalization nor
the values of the constants in eq. 3 affect the fitted values of the Debye tem-
perature. The highest value for the Debye temperature θD = 303(3) K was
obtained for Sample 1 and lowest θD = 255(3) K for Sample 2, while for
Sample 3 at ∼ 40◦ θD = 275(3) K was between these. At 0 K, the corre-
sponding recoil-free fractions are: fa = 0.894(1), 0.875(2) and 0.884(1) for
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Figure 4: Mössbauer thicknesses vs. temperatures fitted using the Debye model for the
fa-factor. The data was normalized to unity at 0 K. Sample 1, preferentially oriented with
kγ ⊥ c, has the highest Debye temperature and Sample 2 oriented with the preference
kγ ‖ c has the lowest. Sample 3, which was allowed to sediment and was turned 40◦ in
the beam, lies between these. Statistical errors do not exceed the size of the symbols.
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Samples 1, 2 and 3, respectively. This indicates that the recoil-free fraction
fa is largest in the ab plane and smallest along the c axes, i.e that FeTe0.5Se0.5
indeed exhibits GKE. Using the Debye temperatures we can now estimate
the recoilfree fractions along the c axis and in the ab plane at 0 K, using the
expression for an axially symmetric recoil-free fraction fa(θ), which is given
by [5]:

fa(θ) = exp[−kγ〈x
2

⊥〉 − (kγ〈x
2

‖〉 − kγ〈x
2

⊥〉) cos2 θ], (5)

where 〈x2

‖〉, 〈x
2

⊥〉 are the mean square displacements along c axes and in
the ab plane, respectively and kγ the magnitude of the γ wave vector. By
inserting the θave angles from the Mössbauer fittings and recoil-free fractions
for Samples 1 and 2 into Eq. 5 we can solve and obtain exp(−kγ〈x

2

⊥〉) =
0.907(2) and exp(−kγ〈x

2

‖〉) = 0.851(6), for the fa factors in the ab plane
and along the c axis, respectively. Keeping these values fixed and inserting
θ = θave = 52.6◦ for Sample 3 into Eq. 5 we get fa = 0.886(4), which agrees
with the experimental value for Sample 3 given above.

Having observed the GKE, it is interesting to check whether the second-
order Doppler shift of the isomer shift data also exhibits this anisotropy.
In Fig. 5 the isomer shift data fitted with the Debye model for the second-
order shift is plotted. The temperature-independent true isomer shift δ0 was
constrained equal in the fit function [12] for the isomer shift:

δ(T ) = δ0 −
9kBθD
16mc

−
9kBT

2mcx3

D

∫ xD

0

x3dx

ex − 1
, (6)

where m is the mass of the 57Fe atom and c the velocity of light. Upon fitting
the data δ0 = 0.6903(7) mm/s was obtained, and a small anisotropy for the
Debye temperature also: θD = 428(5) K for Sample 1 and θD = 410(5) K for
Sample 2. Again, for Sample 3 at ∼ 40◦ θD = 414(5) K was between these.

The discrepancy in the Debye temperatures obtained from the isomer-
shift data and the absorption data is not unusual and indicates that the
Debye model is only an approximation. As the exponents of the temperature-
dependent integrals of Eqs. 4 and 6 differ so will the Debye temperatures, if
the density of phonon states differs from the quadratic behavior of the Debye
model. Nevertheless, a lattice anisotropy is observed for both the fa factor
and δ(T ) confirming the presence of the GKE.

Using the distribution functions of the Rietveld analysis we can make an
estimate of the θave angles and compare them with those obtained from the
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Figure 5: Isomer shifts vs. temperature fitted using the Debye model. Statistical errors
do not exceed the size of the symbols.
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Mössbauer data. Both texture effects and the GKE give rise to asymmetric-
ity in the quadrupole doublet. For an axially symmetric case the angular-
dependent gamma transition probabilities are proportional to 1

4
+ 1

4
cos2 θave

and 1

2
sin2 θave for transitions corresponding to ∆m = ±1 and ∆m = 0, re-

spectively, as obtained from the relevant rotation matrix [13]. For a perfectly
oriented sample measured in the so-called magic angle, θave = arccos 1√

3
,

both factors yield 1

3
. The average texture angle θave obtained from fitting

the Mössbauer data can now be compared with the values obtained for the
texture effects in the XRD patters by solving the following equation:

1

4
+

1

4
cos2 θave =

∫ π

2

0

D(θ)

(

1

4
+

1

4
cos2 θ

)

fa(θ) sin θdθ. (7)

By entering the normalized distribution D(θ) from the Rietveld analysis and
the likewise normalized fa(θ) function and performing a numerical integration
we can obtain a value for θave and compare it with the actual Mössbauer result
obtained e.g. at 77 K. However, in order to do that we also need to calculate
the fa factors at 77 K using Eq. 4. The final result for θave is: 71(1)◦ and
39(1)◦ for Samples 1 and 2, respectively. For Sample 1 there seems to be
a systematic error of less than 10◦ compared to the angle obtained from
the Mössbauer analysis. Possibly the model function for orientation in the
Rietveld analysis is a bit crude. Furthermore, the X-rays probe only a thin
surface layer, while the Mössbauer γ penetrates the whole sample.

4. CONCLUSIONS

Powder samples of FeTe0.5Se0.5 can be texturized using an external mag-
netic field. As the main axis is inclined to orient perpendicular to the field
a special device is needed for obtaining preferentially aligned c axes. By
using Mössbauer absorbers with three differing textures; close to random
orientation, c axes predominantly parallel with, and predominantly perpen-
dicular to the kγ vector, we were able to show that the recoil-free fraction
of absorption has a small lattice anisotropy, i.e. FeTe0.5Se0.5 exhibits the
Goldanskii-Karyagin effect. The estimated 0 K value for the fa factor was
0.907 along the c axis and 0.851 perpendicular to it. The lattice anisotropy is
also observed in the Rietveld analysis of the atomic displacement parameters
of iron, with the largest displacement parameter obtained along the c axis
direction and smallest along the ab plane in agreement with the results from
the analysis of the Mössbauer spectra.
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