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The Fei4yTe1—_zSe, compounds belong to the family of iron-based high temperature superconduc-
tors, in which superconductivity often appears upon doping antiferromagnetic parent compounds.
Unlike other Fe-based superconductors (in which the antiferromagnetic order is at the Fermi surface
nesting wavevector [1/2,1/2,1]), Feiy,Te orders at a different wavevector, [1/2, 0, 1/2]. Furthermore,
the ordering wavevector depends on y, the occupation of interstitial sites with excess iron; the
origin of this behavior is controversial. Using inelastic neutron scattering on Fe; ¢osTe, we find in-
commensurate magnetic fluctuations above the Néel temperature, even though the ordered state is
bicollinear and commensurate with gapped spin waves. This behavior can be understood in terms
of a competition between commensurate and incommensurate order, which we explain as a lock-in

transition caused by the magnetic anisotropy.

PACS numbers: 74.70.Xa 75.30.Gw 64.70.K- 75.40.Gb

Superconductivity in the recently-discovered iron-
based superconductors (FeSCs)L often appears at high
transition temperatures. These compounds contain a
simple square lattice of iron atoms, coordinated with
pnictogen or chalcogen atoms forming planes of tetrahe-
dra. Interplanar layers differ between families, consisting
of either metal oxides, alkaline earth atoms, alkali atoms,
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FIG. 1. (color online) Scans through [H, 0, /2] with E = 6
meV, taken above and below T'n = 67.5 K. The black horizon-
tal bar shows the estimated resolution width. The shift of the
spin fluctuations from the commensurate to incommensurate
position (when warming from the ordered to paramagnetic
state) has not been previously reported.

or nothing at all as in the “11” compounds on which we
focus here. The parent compounds of most families be-
come orthorhombic and antiferromagnetic (AFM) at low
temperatures, and superconductivity can be induced by
doping with electrons, holes, isoelectronically, or by the
application of pressure (see, e.g.,'z). Their high-T. su-
perconductivity may be related to the magnetic ordeﬂz',
which seems to be the result of Fermi surface nestingm.
There is also intrinsic interest in magnetism in these ma-
terials, but it has not been as extensively explored.
While nesting explains many experiments, the mag-
netic order in the x = 0 endpoint of the Fei4,Tei_,Se,
series is a highly unusual commensurate “bicollinear”
magnetic structure? with a wavevector along qary =
[1/2 , 0, 1/2]. Neither density functional theory (DFT)8
nor photoemission measurements” find any evidence for
nesting at this wavevector, which indicates the presence
of local moments. These moments must interact with
each other via competing exchange interactions®, which
should lead to incommensurate order. The mechanism
behind the commensurate bicollinear order is one of the
main unresolved issues in the effort to understand the

FeSCs.

Here we report results of a detailed inelastic neutron
scattering (INS) investigation of the region near qps in
a high-quality single-crystal sample of Fej ggTe. We find
strong evidence for competition between commensurate
and incommensurate ordering in the form of spin excita-
tions which abruptly shift from the incommensurate q;,.
~2 [0.45, 0, 0.5] to the commensurate wavevector qapy =
[1/2, 0, 1/2] when passing below the Néel temperature Ty
(see Fig. . We interpret this unusual behavior in terms
of a lock-in transition driven by crystalline anisotropy,
which causes bicollinear order.

The INS measurements were performed on a single
crystal of Fej gsTe (= 0.1 cc, & 2 g, mosaic spread 2°).
It was grown by the Bridgman technique, and the ex-



cess iron content was determined by Patterson refine-
ment of single-crystal x-ray diffraction data to be y =
0.08. The Néel temperature was defined as the steepest
slope of the magnetic Bragg peak intensity with temper-
ature, was found to be Ty = 67.5 K, consistent with
other reports?! for this value of y. The crystal struc-
ture at room temperature is tetragonal (space group 129,
P4/nmm) with lattice constants a = b = 3.823(3) A and
¢ = 6.282(6) A. Although this compound becomes mono-
clinic (space group 11, P2;/m) at low temperature*2, the
primary effect is a shift of the Te atoms within the unit
cell’; the rotation of the c-axis away from 90° is quite
small, and amounts to a broadening of certain Bragg
peaks (see Fig. [2b), so we describe the measurements
in the tetragonal [HHL] notation.
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FIG. 2. (color online) Temperature dependence of the mag-
netic and structural behavior. (a) Peak intensities of the in-
commensurate magnetic excitation and the [1.5, 0, 0.5] mag-
netic Bragg peak as a function of temperature. Inset: map
of reciprocal space, showing the locations of the scans. (b)
Width of the [0, 0, 4] nuclear Bragg peak (an indicator of
monoclinic splitting) as a function of temperature, showing
the structural transition at 67.5 K. This is plotted together
with the intensity of the [2.5, 0, 0.5] magnetic Bragg peak,
demonstrating the close coincidence between the structural
and magnetic transitions.

The neutron measurements were performed on the 1T1
triple-axis spectrometer at the Laboratoire Léon Bril-
louin, Saclay, France. The sample was mounted in a
standard displex cryostat (base temperature T = 11 K) in
the [HOL] plane. The measurements were done with verti-

cally and horizontally focusing PG crystals as monochro-
mator and analyzer, respectively. A graphite filter was
used to reduce A/2 contamination. The scans were per-
formed using a fixed final wavevector of ky = 2.662 A
(Ef = 14.7 meV), corresponding to an energy resolu-
tion of 0.8 meV at the elastic line. Fitting was done
using the Fityk program’®. All constant-q scans were fit
with a background function (either constant or linear)
and Gaussians for the peaks. Elastic scans were fit with
a constant background and Voigt profile.

We measured inelastic and elastic magnetic scattering
from our sample near qapr)s, obtaining a detailed pic-
ture of the evolution of the magnetic order, the crystal
structure, and the magnetic excitations as a function of
temperature in the vicinity of the first-order phase transi-
tion from the high-temperature paramagnetic to the low-
temperature AFM phase.

Figure [I] shows constant-energy scans, at E = 6 meV,
along [H, 0, 1/2] above and below Tx. At 50 K the peak is
commensurate and comparable in width to the resolution
function, whereas at 70 K it is broad and incommensu-
rate.

Figure details the peak scattering intensity at 2
meV, which is well below the low-T spin gap, taken along
the [H, 0, 1/2]-direction. This is plotted together with
the temperature dependence of the magnetic Bragg peak.
The phase transition at 67.5 K is clearly evident: the in-
tensity at 2 meV builds up on cooling towards the phase
transition, then drops abruptly as the spin gap opens and
the magnetic Bragg peak appears. The rapid increase of
magnetic intensity is consistent with a first-order phase
transition. We also measured the temperature depen-
dence of the mosaic of the [004] lattice reflection, which
is proportional to the amount of the monoclinic distor-
tion. Figure 2b demonstrates that the magnetic transi-
tion is concurrent with the structural phase transition to
the monoclinic phase.

Figure [3 shows S(¢,w), and summarizes the energy-
and wavevector-dependence of the magnetic inelastic
scattering above and below Tpy. Above Ty it is in-
commensurate, broad, and ungapped. Below Ty it is
commensurate, narrow, and gapped. Both have nearly
vertical dispersion within the experimental uncertainty.

The temperature dependence of the signal with L is
shown in Fig. ] The magnetic scattering at 2 meV is
nearly absent at 65 K, because of the spin gap opening
at the phase transition. Upon heating in the param-
agnetic phase, the signal broadens along the L-direction,
although the integrated intensity stays roughly the same.
The signal broadens only slightly in the H-direction (not
shown). Based on this observation, we conclude that the
buildup of intensity in H-integrated scans at 2 meV to-
wards Ty shown in Fig. [2|results from an increase in the
magnetic correlation length along the c-axis, as opposed
to an increase of total scattering.

The most important feature of the observed behavior is
that incommensurate fluctuations give rise to commen-
surate order, or more generally, fluctuations appear at
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FIG. 3. (color online) Energy dependence of the spin excita-
tions. (a,b) S(¢,w) at T = 70 K (a) and 11 K (b). The data
have been smoothed and background-subtracted. Intensity is
plotted on a logarithmic scale (arb. units). (¢) Linewidths of
the incommensurate (solid green circles) and commensurate
(open blue diamonds) peaks, as a function of energy. (d)
Constant-Q scans taken at the center of the incommensurate
and commensurate spin excitations.

one wavevector while ordering occurs at another. Our
measurements demonstrate that, somewhat surprisingly,
the shift in the inelastic peak is energy independent all
the way up to the highest observed energy of 10 meV.
Existing theories do not provide a cromulent explana-
tion for the observed behavior. According to the or-
bital scheme as discussed, for example, in Ref®, in the
tetragonal phase the highest energy electron can occupy
either d,, or d,., orbitals which are otherwise empty.
This orbital degeneracy implies that the entire spin sys-
tem is free to rotate in the z-y plane with no in-plane
anisotropy. In such a model, the bicollinear spin order
results from a combination of anisotropic exchange and
the biquadratic spin interaction. However, the predicted
gapless spin-wave dispersion is inconsistent with the large
spin gap that we and others have observed®. Using
DFT, Ma et al™ have found the lowest-energy commen-
surate phase to be bicollinear, even when the lattice is
tetragonal. They did not calculate whether incommensu-
rate ordering is more favorable than commensurate (DFT
requires calculations using large supercells to understand
the competition between commensurate and incommen-
surate order).

Our results (as well as those of previous experiments)
may be captured by a simple mode®, in which the spin
rotation symmetry is explicitly broken by the single-ion
anisotropy. The low-temperature monoclinic phase fea-
tures both an orthorhombic distortion with shortening
along the b-axis, as well as a monoclinic shearing of the
Te-plans along the a-axis. Together these distortions
break the symmetry along the a- and b-axes. Thus the

crystal field environment becomes anisotropic, and the
degeneracy between the d,. and d,. orbitals is lifted.

This single-ion anisotropy is at the heart of magnetoe-
lastic coupling, causing an Ising-type behavior in which
the spins are locked along the b-axis, which in turn opens
a gap in the spin-wave spectrum (in agreement with ex-
periments). In the tetragonal or orthorhombic phase with
incommensurate magnetic order, the exchange interac-
tion becomes dominant, and the magnetoelastic coupling
does not lift the degeneracy between the d., and d,, or-
bitals. In such a Heisenberg spin system, the various
Js set the periodicity of the spin system, but the spins
are free to rotate with respect to the lattice, and thus
the spin excitations are gapless, and the fluctuating mo-
ments should be isotropic. However, spin fluctuations in
the related system BaFes_ ,Ni,As, were found to have a
preferred axis!®, lending support to our interpretation of
a Ising-type behavior in which the spin axis is coupled to
the lattice.

Fig. shows a schematic of the energy as a func-
tion of the ordering wavevector, qordering, and illustrates
the competition between the high-temperature incom-
mensurate paramagnetic and low-temperature commen-
surate magnetic states. In the tetragonal phase the in-
teractions between the electrons favor an incommensu-
rate phase whose wavevector is not too far from [1/2,
0, 1/2]. This is represented by a dotted parabola on
the energy vs. dordering Plot, which has a minimum at
an incommensurate wavevector. Here we are not con-
cerned with the microscopic mechanism that causes the
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FIG. 4. (color online) Scans along the c-axis direction. The
black horizontal bar shows the estimated FWHM of the res-
olution function. The integrated intensity is approximately
constant for temperatures above T n, indicating that the num-
ber of spins is constant, but the correlation length decreases
with T.



system to choose such an incommensurate wavevector
(although such a wavevector is not difficult to achieve,
given the interplay between different exchange, superex-
change, and double-exchange pathways®). However, the
commensurate wavevector is special, because it allows
the system to lower energy by an amount AEg,;sotropy
through the monoclinic lattice distortion, which in turn
allows the magnetic order to align the moments accord-
ing to the spin anisotropy. Thus Fi.q has a dip at
the commensurate q. If that dip is close to the min-
imum of the exchange interactions, then it will be the
global minimum, and the ground state will become bi-
collinear through the monoclininc distortion (this distor-
tion is probably cooperative and related to the strong
magnetoelastic coupling!?, since J; and J, will split un-
der the monoclinic and orthorhombic distortions, respec-
tively). At temperatures greater than the anisotropy gap
(= 6 meV, corresponding to 69 K), the spins are ther-
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FIG. 5. (color online) Schematic of the magnetic energy

in Fei4,Te at zero temperature as a function of the order-
ing wavevector, for two values of the excess iron concentra-
tion y. The exchange energy, Eczchange, iS represented as a
parabola (dashed line); the structural anisotropy at the com-
mensurate wavevector lowers the total energy, Fiotai, further
by AFEanisotropy- The system always settles at the global en-
ergy minimum, marked with an “X”. (a) For values of y <
0.12, the minimum of Eezchange is close to the commensurate
wavevector, and so the global minimum is at the commensu-
rate position. Above Tn the anisotropy well becomes filled,
thus spin fluctuations appear at qin. = [0.45, 0, 0.5], the
exchange energy minimum. (b) For y > 0.12, the energy
minimum for Eegzchange is far from the commensurate posi-
tion, which puts the global minimum at an incommensurate
wavevector near qin. = [0.38, 0, 1/2}5’11.

mally excited above the gap, and the advantage it pro-
vides to the commensurate order disappears. Thus the
incommensurate fluctuations we observe in the param-
agnetic phase are the critical fluctuations leading up to
a standard second-order transition, and in the absence
of the lock-in transition the system would order at this
incommensurate wavevector; but this transition is inter-
rupted by the first-order transtition to the commensurate
state.

This lock-in scenario is expected to take place in the
low-Fe doping regime. When the excess iron doping is
increased beyond the critical concentration y ~ 0.12,
the system enters a mixed-phase regimel®1 consistent
with two minima (at the commensurate and incommen-
surate wavevectors). With further Fe-doping, the sys-
tem becomes single-phase, and the incommensurability
increases rapidly to qi,. = [0.38, 0, 1/2J*8. The or-
thorhombic distortion is also a function of doping, and
decreases beyond the critical doping”, which suggests the
reduction of anisotropy. This can be understood as a
doping-driven (as opposed to temperature-driven) classi-
cal commensurate-incommensurate transition?, in which
the cost of the exchange energy required to form the bi-
collinear phase increases with doping, eventually becom-
ing greater than the energy gained by the anisotropy gap
(see Fig. |5). Doping should change the incommensu-
rate wavevector preferred by the exchange energy; for
lower values of iron doping with y < 0.12, this depen-
dence can be found by examining the fluctuations just
above Ty (below Ty, the system is of course gapped
and commensurate). This doping-driven commensurate-
incommensurate transition is expected to be continuous
and can be interpreted as the condensation of the domain
walls (or solitons) of the commensurate state. One con-
sequence of this transition is that at finite temperature
a soliton liquid is expected to occur between the com-
mensurate state (soliton vacuum) and the incommensu-
rate state (soliton line crystal*%2L. The recent observa-
tion of anomalous hysteresis in the thermal expansion of
Fe; 15Te has been attributed to strong soliton pinning22.

To conclude, we have observed clear signatures of
a competition between commensurate and incommen-
surate magnetism in a well-characterized sample of
Fei osTe. We find incommensurate fluctuations above
Ty, which give way to commensurate order below Ty
with a gap in the excitation spectrum. This behavior,
as well as other previously unexplained observations, can
be understood in terms of a lock-in transition induced by
the spin anisotropy gap which is present in the monoclinic
bicollinear phase and absent in the tetragonal phase.
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