PRL 109, 077003 (2012)

PHYSICAL REVIEW LETTERS

week ending
17 AUGUST 2012

Spin Reorientation in T1Fe, (Se, with Complete Vacancy Ordering

Andrew F. May,1 Michael A. McGuire,' Huibo Cao,> Ilya Sergueev,3 Claudia Cantoni," Bryan C. Chakoumakos,”
David S. Parker,! and Brian C. Sales!

"Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
2Quantum Condensed Matter Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
3European Synchrotron Radiation Facility, Grenoble F-38043, France
(Received 29 February 2012; published 16 August 2012; publisher error corrected 4 September 2012)

The relationship between vacancy ordering and magnetism in TIFe, cSe, has been investigated via single
crystal neutron diffraction, nuclear forward scattering, and transmission electron microscopy. The exami-
nation of chemically and structurally homogeneous crystals allows the true ground state to be revealed,
which is characterized by Fe moments lying in the ab plane below 100 K. This is in sharp contrast to crystals
containing regions of order and disorder, where a competition between ¢ axis and ab plane orientations of
the moments is observed. The properties of partially disordered TIFe, Se, are, therefore, not associated with
solely the ordered or disordered regions. This contrasts the viewpoint that phase separation results in
independent physical properties in intercalated iron selenides, suggesting a coupling between ordered and
disordered regions may play an important role in the superconducting analogues.
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The microscopic coexistence of superconductivity and
magnetism at temperatures up to ~30 Kin A, Fe,_,Se,
(A = K, Cs, Rb) has generated much interest, and a plethora
of techniques have been employed to understand the inter-
esting properties of these materials [1-3]. Structural studies
on superconducting samples revealed antiferromagnetic
order with a local magnetic moment of ~3u/Fe, and a
V3a X +/5a superstructure of the ThCr,Si, structure type
derived from Fe vacancy ordering [2,4]. Other studies
have focused on the electronic structure [5-7] and the
superconducting pairing mechanism [8—13], as well as the
influence of phase separation [14—19].

The coexistence of superconductivity and magnetism is
now believed to be due to fine-scale phase separation, with
each property being associated with a different composi-
tion and/or degree of order [16-21]. Phase separation
over length scales of ~10-100 nm has been observed via
transmission electron microscopy (TEM) [14,15,18], nano-
focused x-ray diffraction [16], and is inferred from
Mossbauer spectroscopy [17]. Superconducting samples
that are single phase (structurally and chemically homoge-
neous) have yet to be produced, and thus the inherent
nature of the individual phases remains unclear.
Flexibility in the chemical composition near the parent
ApgFe | ¢Se, allows superconductivity to be realized
[22-27], and may do so by promoting phase separation
via local inhomogeneity. It has been suggested that the
superconducting phase does not have Fe vacancies
[19,28,29]. Similar to other Fe-based superconductors,
these superconducting phases may be characterized by a
doping level of approximately 0.15 electrons per Fe [28,30],
such as Rbg 3Fe,Se,. The degree of order is also important
[19,31], however, and first principles calculations have
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shown that the vacancy and magnetic order greatly influence
the Fermi surface [6].

Fe vacancies order into the v/5a X +/5a supercell between
460 and 580 K. At or slightly below this temperature,
the spins align along the tetragonal ¢ axis in a block-
checkerboard antiferromagnetic structure (BCAF-c, where
c indicates the alignment of the spins) [2,4]. The vacancy
order is generally incomplete, however, with partial
occupancies observed on at least one Fe site [32,33].
Superconductivity, which is believed to exist in a phase that
does not contain vacancy order, is only observed in samples
that also possess regions of vacancy and magnetic order.

In contrast to the alkali-metal based compounds,
TIFe; ¢Se, has a limited compositional window and the
Tl site is always fully occupied, which reduces the degree
of inherent disorder. While superconductivity is observed
for mixed Tl/alkali-metal compounds, and was reported
with a small volume fraction in T1Fe; ;Se, [25], it has not
been reproduced in TIFe, ¢Se,. This is perhaps associated
with an improper electron count in TlFe; ¢Se,. Based on
the chemical formula, one would expect T1Fe; ¢Se, to be a
metal. However, T1Fe, (Se, is observed to be an insulator.
TlFe, ¢Se, also displays different magnetic behavior than
the alkali-metal analogues.

The BCAF-c structure is the only magnetic structure
observed in the alkali-metal compounds. However, single
crystals of “partially disordered TIFe; sSe,” have been
shown to possess additional magnetic phase transitions
near 100 K and 140 K [34]. A detailed structural study
revealed these transitions are associated with a canting of
the Fe moments toward the ab plane, which only occurs
between ~100 and 150 K [35]. These crystals are charac-
terized by crystallographically coherent regions of ordered
and disordered Fe vacancies [35]. In the absence of single
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phase crystals, it is impossible to know if these magnetic
transitions in partially disordered T1Fe, (Se, are inherent to
the ordered or disordered regions, or are the result of some
interaction between the two.

In this Letter, we provide a detailed characterization of
single crystal TIFe;(Se, with complete chemical and
vacancy order. Such structural and chemical homogeneity
has been elusive in A;_ Fe, ,Se,, and the presence of
multiple phases has complicated the structure-property in-
vestigations in these complex materials. By obtaining ideal
order, a previously unobserved spin reorientation is revealed
with spins lying in the ab plane for T < 100 K. This sug-
gests a strong interaction between the ordered and disor-
dered regions prevents this ground state from occurring in
the partially disordered crystals at low temperatures.

Crystals with complete vacancy order were grown in
melts of nominal composition TIFe; ¢Se,. In the same
furnace, a nominal composition of TIFe; ;Se, produced
crystals with magnetization behavior qualitatively similar
to the ‘partially disordered’ crystals, which were grown
from a melt of nominal composition TIFe,Se, [34].
Therefore, growth in iron-rich environments appears to
inhibit the ordering of iron vacancies, perhaps due to minor
differences in Fe content that are difficult to detect. In the
fully ordered crystals, the vacancy ordering temperature is
found to be ~463 K by differential scanning calorimetry
(DSC), and an anomaly in the magnetic susceptibility ()
was also observed at this temperature. An entropy change
of ~7.4 J/molFe/K was calculated from the DSC data,
and this is ~75% of the entropy change expected for the
simultaneous ordering of Fe vacancies and Fe magnetic
moments (see Supplemental Material [36]).

The crystals were observed to be chemically homoge-
neous and fully ordered via aberration corrected scanning
TEM (STEM) using high angular annular dark field
(HAADF) imaging. The STEM image shown in Fig. 1(a)
was taken with the electron beam parallel to the [110]
direction of the supercell. As a result of this orientation,
all of the Fe vacancies are aligned in columns parallel to
the electron beam and can be readily viewed as dark spots
separated by four iron columns. A crystal structure
drawing corresponding to the HAADF image is shown in
Fig. 1(b) to highlight this ideal vacancy ordering, and the
atomic layers are labeled for ease of viewing. Specimens
viewed along [001] also revealed an ordered and uniform
vacancy superstructure, and a selected area diffraction
pattern from this orientation is shown in Fig. 1(c).
The selected area diffraction pattern shows two sets of
V3a X \f5a superstructure reflections, indicated by the
vectors ¢ and ¢’, due to twinning along the (110) subcell
planes. Images of the partially disordered crystals can be
found in Ref. [35]. STEM data reveal the disordered regions
contain Fe vacancies (modulations in Fe HAADF intensity),
and thus these regions are not like the vacancy free phases
being reported in the superconducting analogues.
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FIG. 1 (color online). (a) Aberration corrected HAADF image
of a chemically homogeneous crystal, with electron beam along
the [110] direction of the V3a X \f5a supercell, where all Fe
vacancies are aligned in columns viewed as the dark spots. A
corresponding crystal structure drawing is shown in (b).
(c) Selected area diffraction with electron beam along [001]
showing reflections from the ~/5a X +/5a superstructure with
twinning yielding spots from two domains indicated by g and
q’; the pattern is indexed according to the subcell.

Refinements of the neutron diffraction data indicate
complete occupancy of the Fel site (Wyckoff position
16i) and zero occupation of the Fe2 site (Wyckoff position
4d), which yields the ideal V3a X /5a superstructure in
T1Fe; ¢Se,. In Fig. 2(b), the intensity of the vacancy order
(020) peak is shown to be independent of temperature
below ~460 K, indicating a saturation of vacancy order
at all temperatures probed by neutron diffraction.

The magnetic susceptibility of fully ordered TlFe; ¢Se,
single crystals is shown in Fig. 2(a), where a phase
transition is clearly observed near 100 K. Above this
transition, the susceptibility is largest when the magnetic
field (H) is perpendicular to ¢, and for temperatures below
the transition the susceptibility is largest for H || ¢. This
indicates a switch in the easy magnetic direction, with
moments parallel to ¢ above ~100 K and perpendicular
to ¢ below ~100 K.

The reorientation of the magnetic moment is confirmed
via single crystal neutron diffraction [Figs. 2(b) and 2(c)]
and synchrotron radiation based nuclear forward scattering
(Fig. 3). Figure 2(b) shows the integrated intensity for three
Bragg peaks observed via neutron diffraction on a ~50 mg
single crystal. The intensities of the two peaks with mag-
netic contributions change rapidly near 100 K. The (121)
peak intensity is associated with moments aligned with the
¢ axis and is beginning to saturate before it quickly dimin-
ishes near 100 K. At this temperature, the intensity of the
(105) peak increases sharply due to the onset of the new
magnetic order. The (105) peak gains intensity when the ab
plane component of the moment increases, as well as when
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FIG. 2. (a) Magnetic susceptibility of oriented single crystals
reveals a change in the easy magnetic axis near 100 K. (b) The
integrated neutron diffraction intensity (in counts) for the va-
cancy order (020) peak demonstrates a saturation of the vacancy
ordering at high temperature. The integrated intensity of the
(1-21) peak is proportional to the c¢ axis component of the
moment, and the (105) peak gains intensity when the moment
has an ab plane component; together, these magnetic peaks
reveal a change in moment orientation near 100 K.
(c) Projections of the refined moments onto the ab plane and ¢
axis for fully ordered crystals and in (d) the same is shown for
partially ordered crystals. (e) The ¢ lattice parameters obtained
by x-ray diffraction.

the Fe layer develops a corrugation [35]. The moment
reorientation is highlighted in Fig. 2(c), where the refined
moments are presented; the moments reach ~3uz/Fe in
both magnetic structures. A similar moment is obtained
via first principles calculations for the BCAF-c (see
Supplemental Material [36]), and the current calculations
are consistent with previous reports [6].

The canting of the Fe moment in the partially disordered
TIFe; ¢Se, between 100 and 150 K is shown in Fig. 2(d)
[35]. A competition between the BCAF-c¢ and an in-plane
structure exists in the partially disordered crystals, where
the BCAF-c structure is present below 100 K and above
150 K, and thus the corresponding moment has no ab plane
component. When the canting is lost below ~100 K, an
abrupt increase in the c¢ lattice parameter is observed [see
Fig. 2(e)] [34,35]. The magnetic transition in the fully
ordered crystals is not associated with an anomaly in the ¢
lattice parameter, though, and this is consistent with the
smooth behavior in ¢ near ~150 K where the canting of
the moment begins in the partially disordered crystals.

The moment reorientation is also observed via nuclear
forward scattering (NFS) [37], the time analogue of
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FIG. 3 (color online). Time evolution of NFS for fully ordered
TIFe, ¢Se, crystal with the ¢ axis parallel to the x-ray beam
measured above and below the magnetic transition. The data
(open circles) are fit by models (red lines) with magnetic
moments aligned with the ¢ axis at 110 K, and lying in the ab
plane at 90 K. The insets are the model simulations of Mdssbauer
spectra, with the lines numbered in the inset of (b).

Mossbauer spectroscopy. NFS measurements were com-
pleted at beam line ID18 of the European Synchrotron
Radiation Facility [38], with the crystallographic ¢ axis
parallel to the x-ray beam. The spectra were fit by a
conventional routine [39].

The NFS data at temperatures slightly above and below
the magnetic transition at 100 K are shown in Fig. 3. These
results clearly indicate the change of the hyperfine struc-
ture across the transition, and confirm the moment
orientation changes from parallel to ¢ above 100 K to
perpendicular to ¢ below 100 K. At 110 K, the data are
well described by a model with antiferromagnetic Fe mo-
ments aligned with the ¢ axis, yielding a magnetic field
H = 26.1 T, a quadrupole splitting of AE, = 1.18 mm/s,
and the angle between main axes of those interactions is
46°. These values are in excellent agreement with those
observed for Rbg gFe; ¢Se, [17].

The NFS data at 90 K were fitted with two Fe sites with
moments aligned in the ab plane, and the angle between
them is utilized as a fit parameter. This model can generally
describe any complex, noncollinear magnetic structure
with moments in the plane. Independent of the model
utilized, a change of the carrier frequency from that related
to the beats of first and sixth lines of Mossbauer spectrum
(at 110 K) to that related to the beats of second and fifth
lines (at 90 K) is observed, indicating a reorientation of the
Fe moments. An appearance of the strong second and fifth
lines indicates the ab plane alignment of the Fe magnetic
moments below 100 K. See Supplemental Material [36] for
further details on NFS data collection and analysis.

Below 100 K, the neutron diffraction data were modeled
using several different magnetic structures. First, the eight
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FIG. 4 (color online). The Fe (blue) lattice with different
magnetic structures that describe the neutron diffraction data
below 100 K. (a) A noncollinear magnetic structure that
describes the neutron diffraction data and retains the symmetry
of the crystal structure. (b) An in-plane, block-checkerboard
antiferromagnetic structure that describes the neutron diffrac-
tion data provided an equal mixture of domains rotated 90°
about ¢ exists. In both (a) and (b), the moments (arrows) are
antiferromagnetically aligned between Fe planes along the
¢ axis, and vacant Fe sites are shown as light gray spheres
without arrows.

possible magnetic structures within the expected tetragonal
symmetry were examined. Of these, the best fit (R = 0.052
at 5 K) corresponds to the noncollinear magnetic structure
(14/m) shown in Fig. 4(a) with moments pointing 10.8°
away from the vacancies. Fixing the moments toward the
vacancies results in a similar quality fit.

Alternative magnetic models require lowering the sym-
metry of the magnetic structure and assuming equal twin
fractions of collinear magnetic domains. The monoclinic
model (I2'/m) shown in Fig. 4(b) (and a twin generated
by rotating 90 degrees about the ¢ axis) can describe the
data well [R = 0.045 with 2.99(4)u/Fe, at 5 K]. Other
possible twinned collinear magnetic structure models were
tested but no others gave reasonable agreement.

Theoretical calculations have suggested noncollinear
structures are stable in the vacancy ordered systems [7].
Collinear, in-plane structures are observed in the majority
of Fe-based superconducting families,[3,40] but the col-
linear structure shown in Fig. 4(b) would be unique to this
system. The measurements presented here are incapable of
conclusively identifying the magnetic structure below
100 K. In the Fe-based superconductors, structural and
magnetic transitions are typically coupled. Therefore, it
seems reasonable to expect that if the magnetic symmetry
were lowered to monoclinic, to allow the structure in
Fig. 4(b), then the nuclear structure would also distort.
Such a distortion is not evident in the current diffraction
data. As such, the preference would typically be for the
higher symmetry structure [Fig. 4(a)], which also provides
a good description of the data. Regardless of the exact spin
structure, this reorientation of the spins near 100 K is
clearly driven by the complete ordering of vacancies, and
the dominance of this ground state is unique to the phase
pure material.

The transitions at 100 K in the fully ordered and 140 K
in the partially disordered crystals are similar. In both

cases, the moments develop an ab plane component upon
cooling through the transition. The structures in Fig. 4 were
not observed via neutron diffraction for the partially
disordered crystals, though the NFS data suggest the
Fe moments lie within the ab plane at 110 K (see
Supplemental Material [36]). In either case, the BCAF-c
order with spins along c is the ground state in the partially
disordered crystals below 100 K. Therefore, the disordered
regions, which are likely to be nonmagnetic [17], have a
strong influence on the observed magnetic behavior.
Consistent with these results, it has been recently sug-
gested that superconductivity is induced in KFe,Se,
when this KFe,Se, stoichiometry interacts with the
vacancy ordered K, sFe; ¢Se, phase [29].

Given the magnetoelastic nature of these materials
[34,35,41], it is not surprising that disordered and ordered
(nonmagnetic and magnetic) regions would be strongly
coupled. These regions are crystallographically coherent
and approximately 10-20 nm in the ab plane and two to
four unit cells along ¢ [35], which allows them to interact
via lattice strain. A detailed analysis of the STEM data
for partially disordered TIFe,(Se, reveals the ¢ lattice
parameter is approximately 2% larger in the disordered
regions than in the ordered regions, and the change in a is
less than ~0.3%. Therefore, modulations in ¢ are the most
likely source for the strain interaction.

As demonstrated in this Letter, the absence of disordered
regions allows TIFe; ¢Se, to complete a spin reorientation
at ~100 K, thereby unveiling the true magnetic ground
state associated with the /5a X +/5a supercell. This dem-
onstrates a strong influence of the secondary phase on the
behavior of the primary phase, and thus an interaction
between the ordered and disordered regions determines
the properties of the partially disordered crystals. These
results have implications for the superconducting alkali-
metal iron selenides, which also possess regions of order
and disorder separated on a fine scale. Understanding the
interaction between these regions may prove critical in
identifying the true nature of superconductivity in those
materials.
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