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We study the effects of Cu substitution in Fe; ;Te, the non-superconducting parent compound of
the iron-based superconductor, Feq,Tei_,Se,, utilizing neutron scattering techniques. It is found
that the structural and magnetic transitions, which occur at ~ 60 K without Cu, are monotonically
depressed with increasing Cu content. By 10% Cu for Fe, the structural transition is hardly de-
tectable, and the system becomes a spin glass below 22 K, with a slightly incommensurate ordering
wave vector of (0.5-9, 0, 0.5) with ¢ being the incommensurability of 0.02, and correlation length of
12 A along the a axis and 9 A along the ¢ axis. With 4% Cu, both transition temperatures are at
41 K, though short-range incommensurate order at (0.42, 0, 0.5) is present at 60 K. With further
cooling, the incommensurability decreases linearly with temperature down to 37 K, below which
there is a first order transition to a long-range almost-commensurate antiferromagnetic structure.
A spin anisotropy gap of 4.5 meV is also observed in this compound. Our results show that the
weakly magnetic Cu has large effects on the magnetic correlations; it is suggested that this is caused
by the frustration of the exchange interactions between the coupled Fe spins.

PACS numbers: 61.05.F-, 74.70.Xa, 75.25.-j, 75.50.Ee

I. INTRODUCTION
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the resonance remain centered at the same wave vector.?

Despite the lack of a consensus on the pairing mecha-
nism in the Fe-based superconductors on the theoretical
side,1"? experimentally, there is accumulating evidence
pointing to strong coupling between magnetism and su-
perconductivity.? It is found that superconductivity oc-
curs in close vicinity to the magnetic instability in many
systems.* Upon chemical doping or application of pres-
sure, the long-range antiferromagnetic order in the par-
ent compound is suppressed, followed by the appearance
of superconductivity.® This proximity of antiferromag-
netism and superconductivity is similar to that observed
in the cuprate superconductors,® suggesting that these
correlations might be connected in a similar way. More-
over, a neutron-spin “resonance” mode, where the spec-
tral weight at a particular energy (E,) and wave vector
is greatly enhanced below the superconducting transition
temperature, T,, is widely observed,® with the resonance
energy scaling roughly with 7,.7-8

In the Fejy,Tei_,Se; (11) system, which is the struc-
turally simplest system among the Fe-based supercon-
ductors,? magnetism is also considered to play an impor-
tant role in the superconductivity'®; however, the situa-
tion is more complicated than in the iron pnictides. In
the latter materials, the magnetic order occurs at the
in-plane wave vector (0.5, 0.5) (assuming unit cell con-
taining two Fe). The static order is suppressed with dop-
ing, but dynamic magnetic correlations that evolve into

In contrast, there are two characteristic wave vectors for
the 11 system.® The magnetic order has a characteristic
wave vector around (0.5, 0) in the parent compound,*!+12
while the resonance is observed around (0.5, 0.5) in the
superconducting compound.®!3 The spectral weight at
(0.5, 0) associated with the magnetic order gradually
shifts to (0.5, 0.5) with Se doping.'*® With Se sub-
stitution, the structural and magnetic phase transitions
are suppressed,'® and the amount of excess Fe is re-
duced,'” while bulk superconductivity gradually devel-
ops. The amount of excess Fe is an important param-
eter in controlling both the superconducting and mag-
netic properties. The excess Fe resides in an intersti-
tial site centered above (or below) a plaquette of four
Fe sites.'®19 The magnetic interaction between an in-
terstitial and the Fe nearest-neighbors results in locally
ferromagnetic correlations?*2! and weak localization of
the charge carriers,?? and acts as a magnetic electron
donor.?? The excess Fe concentration is anticorrelated
with the superconducting volume fraction and results in
short-range magnetic order.?324

The magnetic order in the parent compound Feq,Te
is also modified by excess Fe. Specifically, the order
changes as y increases through the critical excess Fe
content, y., from bicollinear commensurate to helical
incommensurate.!!12:25-27 The change in magnetic order
correlates with the change in the low-temperature struc-
tural symmetry from monoclinic to orthorhombic.2%28
The precise value of y. depends on whether it is de-



termined chemically from the total Fe content or by re-
finement of neutron diffraction data.?>26 For comparison
with the present work, the relevant value is 3. ~ 0.1.26

The nature of the magnetic order in the 11 sys-
tem has been controversial. FEarly theoretical analy-
ses of the iron pnictides suggested that the magnetism
could be understood in terms of nesting between elec-
tron and hole pockets.?%39 Angle-resolved photoemission
spectroscopy (ARPES) measurements®!:32 have observed
a Fermi-surface topology of the 11 system which is similar
to that predicted by density functional theory (DFT) cal-
culations3; however, the in-plane ordering wave vector in
the 11 system is incompatible with nesting.'"3134 Later
first-principles calculations have identified the role of lo-
cal moments and the importance of Hund’s exchange cou-
pling, and have provided a more convincing description
of the experimental observations.?> 38 A recent study on
Feq 1Te has shown that the localized electrons that con-
tribute to magnetism are not isolated from the itiner-
ant ones, but instead are entangled, as indicated by a
temperature-induced enhancement of the instantaneous
magnetic moment.2°

In this paper, we use Cu to replace Fe in Fej iTe,
aiming to study the impact of the weakly magnetic Cu
dopants on the magnetic order, which we character-
ize with neutron scattering. We find that Cu drives
down the structural and magnetic transitions, with long-
range nearly-commensurate magnetic order retained in
Feq.06Cug.04Te, but only short-range incommensurate or-
der in FeCug 1Te. In the latter sample, the structural
phase transition is not obvious and a transition to a spin-
glass state is found at 22 K. In Fe; ggCug.g4Te, the ini-
tial structural and magnetic ordering occurs at 41 K, in-
volving short-range incommensurate order that abruptly
shifts to long-range nearly-commensurate order below
36 K. Inelastic scattering measurements indicate a spin
anisotropy gap of 4.5 meV in the nearly-commensurate
phase.

II. EXPERIMENT

The single-crystal samples were grown by the Bridg-
man method. The raw materials (99.999% Te, 99.98%
Fe, and 99.98% Cu) were weighed and mixed with the de-
sired molar ratio, and then doubly sealed into evacuated,
high-purity (99.995%) quartz tubes. The doubly-sealed
materials were put into the furnace horizontally with the
following sequence: ramp to 660 °C in 3 hrs; hold for 1 hr;
ramp to 900 °C in 2 hrs; hold for 1 hr; ramp to 1000 °C in
1 hr; hold for 12 hrs; cool to 300 °C with a cooling rate
of —0.5 or —1 °C/hr; the furnace was then shut down
and cooled to room temperature. In the furnace, there
was a small temperature gradient from one end to the
other (e.g., at 850 °C, AT /distance = 5 °C/cm), so that
the melted liquid crystallized unidirectionally. We have
obtained large-size high-quality single crystals using this
method.®

The bulk susceptibility was measured using a super-
conducting quantum interference device (SQUID) mag-
netometer. Neutron scattering experiments were carried
out on the triple-axis spectrometer HB-3 located at the
High Flux Isotope Reactor, Oak Ridge National Labo-
ratory, using beam collimations of 48'-40'-Sample—40'—
120" with a fixed final energy Ey = 14.7 meV. Two py-
rolytic graphite filters were placed after the sample to
reduce contamination from higher-order neutrons. Sin-
gle crystals used in the neutron scattering experiments
had a mass of 5.9 g and a sample mosaic spread of 1.8°
for the (200) peak for Fej gsCug.g4Te, and 14.5 g with
a mosaic spread of 1.5° for FeCugi1Te. The crystals
were mounted in aluminum sample holders and loaded
into a close-cycle refrigerator (CCR). The lattice con-
stants were a ~ b ~ 3.81(5) A, and ¢ ~ 6.25(7) A for
Fe1.06Cug.04Te, and a = b ~ 3.82(6) A, and ¢ ~ 6.28(7) A
for FeCuyg 1 Te, using the notation where there are two Fe
atoms in one unit cell. The data were collected in the
(HOL) scattering plane, defined by two vectors [100] and
[001], and described in reciprocal lattice units (rlu) of
(a*,b*,¢*) = (2r/a, 27w /b, 27/ c).

III. RESULTS

A. Long-range nearly-commensurate and
short-range incommensurate order in Fe; osCup.04Te

The susceptibility for Fej ggCug.osTe is plotted in
Fig. 1(a). One can see that a transition to an antiferro-
magnetic state begins at ~ 41 K, as marked by the dashed
line. We have performed scans through the nuclear Bragg
peak (201) at various temperatures. In Fig. 2(d), we plot
the results of H scans through (201) at 10 and 60 K. At
60 K, the scan can be fitted with a single-peak Gaus-
sian function reasonably well. At 10 K, although we
do not see two well-resolved peaks, because of the rel-
atively large sample mosaic and coarse resolution, we do
see that the peak is significantly broader than the one at
60 K. The scan is fitted with two Gaussians. Strains s
defined as 2(a — b)/(a + b) determined from the fittings
to the scans are plotted in Fig. 1(b). Assuming s ~ 0
for T'> 41 K, an onset of non-zero strain is observed be-
low 41 K, coincident with the drop in bulk susceptibility.
The strain grows with cooling, saturating in the range
30 K < T < 35 K. The saturation correlates approxi-
mately with the onset of nearly-commensurate magnetic
order, which we discuss next.

To study the magnetic order, we have performed
H and L scans through the reciprocal lattice position
(0.5, 0, 0.5) at a series of temperatures; some of the re-
sults are shown in Fig. 2(a)-(c). At low temperatures,
the magnetic order is nearly commensurate, centered at
(0.494, 0,0.5). The magnetic peaks are resolution-limited
along both the H and L directions, indicating that the
order is long-ranged in three dimensions. At 37 K, the
magnetic peak intensity is greatly reduced from that at
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FIG. 1. (Color online) Magnetic and structural phase transi-
tion in Fei.06Cuo.04Te. (a) Magnetic susceptibility measured
with a 0.1-T filed under zero-field cooling (ZFC) condition;
(b) Lattice distortion s defined as 2(a — b)/(a + b) obtained
from fitting the scans in Fig. 2(d); (c) Integrated intensity (left
axis) and HWHM (right axis) of the magnetic peak obtained
by fitting the H scans through (0.5, 0, 0.5) using Lorentzian
functions; (d) A contour map showing a series of H scans
through (0.5, 0, 0.5) at different temperatures. Solid lines
indicate the magnetic peak position. Vertical dashed lines
indicate the transition temperatures as explained in the text.

36 K, and the order becomes short-ranged and the incom-
mensurability § in (0.5-4, 0, 0.5) is much larger. The in-
commensurability increases linearly from 0.05 rlu at 37 K
to 0.08 rlu at 60 K, as can be seen from Fig. 2(c).

The temperature dependence of the integrated inten-
sity and the peak width & [half width at half maximum
(HWHM)] of the H scans through (0.5, 0, 0.5) are sum-
marized in Fig. 1(c). At 41 K, where combined magnetic
and structural transitions occur as indicated by the sus-
ceptibility and strain in Fig. 1(a) and (b), the magnetic
peak intensity starts to rise more rapidly and x decreases.
Between 37 and 36 K, there is a first-order magnetic tran-
sition, with the magnetic ordering wave vector jumping
to a nearly-commensurate value. As illustrated in the
contour map in Fig. 1(d), the ordering wave vector is
locked below 36 K, with a small constant incommensu-
rability of 0.006 rlu.

To characterize the spin fluctuations, we have also per-
formed inelastic scans. In Fig. 3, we show energy scans at
the commensurate wave vector (0.5, 0, 0.5) at low tem-
peratures (15 and 30 K) and at the incommensurate wave
vector (0.42, 0, 0.5) at a high temperature (60 K). From
Fig. 3, we identify a spin anisotropy gap F, of ~ 4.5 meV.
Below E,, the spectral weight is greatly suppressed at low
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FIG. 2. (Color online) (a) and (b) Scans along H and L di-
rection through the magnetic peak (0.5, 0, 0.5) at 10, 36,
and 37 K in Feq.06Cug.04Te. (c) Scans along H direction
through (0.5, 0, 0.5) at 3 higher temperatures than in (a).
(d) Scans along H direction through the nuclear Bragg peak
(201) at 10 and 60 K. Lines through data in (a)-(c) are fits
using Lorentzian function. In (d), the 10-K data is fitted with
a two-peak Gaussian function and the 60-K data is fitted with
a single-peak Gaussian.

temperature. The suppression is more clearly demon-
strated in Fig. 4, where scans through (0.5, 0, 0.5) along
the H direction at 2, 4, and 6 meV are plotted for
T = 15 K. At 6 meV, above E,, there is a peak cen-
tered near the commensurate wave vector. At 2 meV,
well below F,, the spectral weight is almost completely
suppressed. This behavior is similar to that in the Cu-
free materials Fe; 1, Te,>"3% except that the gap value is
larger (7 meV) in Fey g57Te.”
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FIG. 3. (Color online) Energy scans from 2 to 6 meV at

Qo = (0.5, 0, 0.5) at 15 and 30 K, and at (0.42, 0, 0.5) at
60 K for Fe1.06Cuo.04Te. Intensity [I(Qo,w)] after subtracting
the background obtained from the constant-energy scans has
been converted to the dynamical susceptibility x”(Qo,w) us-
ing X" (Qo,w)=1(Qo,w)[l—exp(—hw/ksT)]. Arrow indicates
the position of the spin anisotropy gap Ej.
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FIG. 4. (Color online) Scans'_élgrrlgilgh (0.5, 0, 0.5) along H
direction at 2, 4, and 6 meV at 15 K in Fe; 06Cug.0sTe. A
sloping background has been subtracted from all data. Lines
through data are fits with Gaussian function.

B. Short-range incommensurate order in FeCup.1Te

Now we turn to the 10% Cu-substituted sample,
FeCug.1Te. The magnetic properties of this sample are
somewhat different from those of Fej ggCug.gsTe. The
susceptibility data are shown in Fig. 5(a). At ~ 22 K,
there is a cusp in the susceptibility, with hysteresis be-
tween field-cooling (FC) and zero-field cooling (ZFC) at
lower temperatures. The susceptibility data look simi-
lar to those reported in Ref. 16 for Fe;4,Te;_,Se, with
z = 15% and 30%, both of which are spin-glass-like. We
determine that our sample is also a spin glass at low tem-
perature, which is expected to have no long-range order.
The spin-glass transition temperature is marked by the
dashed line. We have searched for a signature of lattice
distortions in this sample. Throughout the whole tem-
perature range, the shape of the nuclear Bragg peak (201)
remains unchanged within our limited resolution. The
peak intensity, as plotted in Fig. 5(b), does show a max-
imum around 30 K, which might correspond to a slight
broadening at lower temperature. Any lattice distortion
is much less than that observed for Feq ¢6Cug.gaTe.

Scans along the H and L directions through the mag-
netic peak (0.5, 0, 0.5) at 3 representative temperatures
are shown in Fig. 6. There is a weak, broad peak already
at 80 K, which gradually begins to narrow and inten-
sify on cooling below 60 K. Lorentzian fits yield a peak
position of (0.48, 0, 0.5), corresponding to a small in-
commensurability of 0.02 rlu along the H direction. The
integrated intensity and peak width (HWHM) & obtained
from fits to H scans are plotted as a function of temper-
ature in Fig. 5(c). The intensity increases from 60 K
through T,,. Below Ty4, k saturates at ~ 0.06 rlu. By
taking into account the resolution of ~ 0.01 rlu, this cor-
responds to a correlation length of 12 A along the a axis.
The order along the ¢ axis is also short-ranged, with a
correlation length of 9 A. These values are comparable
with those in Fey,Te;_,Se, with z > 0.2.12:40
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FIG. 5. (Color online) Short-range incommensurate magnetic
order in FeCug.1Te. (a) Susceptibility measured with 0.1-T
filed under ZFC and FC conditions; (b) Intensity vs. temper-
ature of the (201) Bragg peak; (c) Integrated intensity (left
axis) and HWHM (right axis) obtained by fitting the H scans
through the magnetic peak (0.48, 0, 0.5) with Lorentzians.
Dashed lines indicate the spin-glass transition temperature.

IV. DISCUSSIONS AND CONCLUSIONS
A. Tuning of the magnetic order

In Feyy,Te, experiments have established that the
ground state crystal and magnetic structures change with
y. 112528 For y < y. ~ 0.1, the structure is monoclinic,
with two different Fe-Fe in-plane bond lengths that match
up with the alternating antiferromagnetic and ferromag-
netic bonds of the collinear magnetic structure.'’18:4!
For y > vy, the structure is orthorhombic, with a sin-
gle Fe-Fe bond length; the corresponding magnetic struc-
ture is found to be helical.'*2% Mizuguchi et al.?® have
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FIG. 6. (Color online) Scans along H and L direction through
the magnetic peak (0.5, 0, 0.5) in FeCug.1Te.



recently demonstrated with high-resolution x-ray diffrac-
tion that the boundary between the orthorhombic and
monoclinic phases can also be crossed as a function of
temperature for y < y.. On cooling from the tetragonal
phase, it is possible to transform first to the orthorhom-
bic and then to the monoclinic. This series of transi-
tions occurs in the same regime where the initial mag-
netic order at high temperature is an incommensurate
spin density wave, that transforms abruptly to a nearly-
commensurate version of the bicollinear structure.25-26

The bicollinear magnetic structure can be obtained
from DFT calculations?®4243; however, interpretation
of the components determining the magnetic struc-
ture are usually done in terms of simpler model
Hamiltonians.36:3744 Tt is clear that because of compet-
ing interactions, the bicollinear and collinear antiferro-
magnetic states® are close in energy. While the mag-
netic structures can be rationalized with a Heisenberg
model?® and biquadratic spin terms are expected from
spin-lattice coupling,** itinerant electrons are also ex-
pected to play a role.>” Yin et al.>” have argued that the
itinerant component, combined with strong Hund’s cou-
pling, leads to double-exchange interactions that favor
ferromagnetic bonds, similar to the case of manganites.
This, in turn, can result in a local breaking of the degen-
eracy of the Fe d,, and d,, orbitals. It seems possible
that such spin-orbit coupling effects may contribute to
the spin anisotropy gap that is experimentally observed
to be large in the bicollinear state.3"

A feature that is more difficult to include in the models
is the interstitial Fe. In a study of Fe; ;Te,2° broad in-
commensurate diffuse scattering was observed that could
be well described by a model of local ferromagnetic pla-
quettes of Fe sites, with antiferromagnetic correlations
between plaquettes. Such correlations are close in energy
to the bicollinear state,*® and a ferromagnetic plaquette
provides the best coupling to a magnetic interstitial. It
seems likely that such interactions play a role in the in-
commensurate order observed above the transition to the
bicollinear state in Fey, Te with y a2 0.1.25:2¢ Parshall et
al.?” have discussed evidence for a competition between
commensurate and incommensurate order.

The transitions in our Fej ggCug.04Te sample appear
quite similar to those reported for Fei,Te with y =~
0.1,2525 but with reduced ordering temperatures. This
observation suggests that the Cu substitutes for in-plane
Fe, causing a reduction in ordering due to quenched disor-
der. The small moment of a Cu ion and shifted d levels
will frustrate both double-exchange and superexchange
interactions. The abrupt onset of the bicollinear order at
36 K presumably coincides with an unresolved transition
to monoclinic order. It seems likely that the structure
between 36 and 41 K is orthorhombic, based on the pat-
terns discussed above. The reduction of the anisotropy
gap to 4.5 meV, compared to 7 meV in a sample without
Cu,® is consistent with reduction in the average interac-
tions due to magnetic dilution and/or frustration.

For FeCug1Te, the quenched disorder is sufficiently

disruptive that the structural transition appears to be
washed away and the low-temperature magnetic order
is reduced to a cluster-glass state. The magnetic or-
dering is similar to a low-temperature extrapolation of
the incommensurate phase of the Fey gsCug.g4Te sample.
The incommensurability and short correlation lengths are

also similar to those observed in Fei;,Te;_,Se, with
> 0.2.16,21,40

B. Relationship to superconductivity

In many of the Cu- and Fe-based superconductors,
superconductivity develops concomitantly with the sup-
pression of the structural phase transition and antifer-
romagnetic order.>% This also holds for FeqiyTei_4Se;.
When Se is used to replace Te, the lattice distortion and
antiferromagnetic order are suppressed, followed by the
appearance of bulk superconductivity with =z > 0.3.16
Substitution of Te with Se is believed to frustrate the an-
tiferromagnetic order.25:36 When we substitute Fe with
Cu, the trend appears to be similar, as shown in Fig. 7.
This naturally raises the question of whether or not su-
perconductivity can be induced with further Cu doping.
Our initial attempts have indicated no signature of su-
perconductivity with Cu substitution up to 0.3.46

It appears that the suppression of the lattice distor-
tions and antiferromagnetic order is not sufficient to pro-
duce superconductivity. Similar observations have been
made in related systems. In a recent report, the isoelec-
tronic substitution of Sb for As in LaFeAsO reduces the
structural and magnetic transition temperatures, but it
does not induce superconductivity.*” An NMR study on
LaFe;_,Ru,AsO sees the dilution of antiferromagnetism
with Ru doping, but without the emergence of super-
conductivity.*® The electronic and structural properties,
such as the anion height from the Fe layer, and the bond-
ing angle between the anion and the Fe may also need
to be optimized in order to have robust superconductiv-
ity.4%%% Furthermore, adding Cu into Feqiy,Tei_4Se; is
believed to introduce a localized state,®' which is dele-
terious for superconductivity.??°3 Of course, we could
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be simply blocked out from accessing the portion of the
phase diagram by reaching the solubility limit. As in the
case of Fei;,Se, the maximum amount of Cu that can
be substituted into the compound is 20-30%.%2

The key issue is likely associated with the magnetic
wave vector. The presence of interstitial Fe favors mag-
netic correlations near (0.5, 0), as already discussed. On
the other hand, a clear connection between magnetic cor-
relations and superconductivity is only observed when
the low-energy fluctuations occur near (0.5, 0.5).3 Inter-
stitial Fe in Se-doped samples is known to disrupt the su-
perconductivity and to shift the magnetic wave vector.?*

C. Conclusions

In summary, we have shown that Cu substitution of
Fe in Feq 1_.Cu.Te has a similar effect to that of Se sub-
stitution of Te, as they both suppress the lattice distor-
tion and magnetic order through the impact of quenched

disorder. In a localized model, this implies that with in-
creasing Cu/Se, the average exchange couplings between
the Fe spins are reduced, or the frustration increases,
leading to the suppression of the magnetic order. How-
ever, this behavior is different from the impact of inter-
stitial Fe, which results in different types of magnetic
ground states rather than destroying the order.
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