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Abstract

We have synthesized a new layered iron-pnictide CuFeSb. This material shares similar
layered tetragonal structure with iron-based superconductors, with Fe square planar sheets
forming from the edge-sharing iron antimony tetrahedral network. CuFeSb differs remarkably
from Fe-based superconductors in the height of anion Z,yion from the Fe plane; Zg, for CuFeSb

is ~1.84 A, much larger than Z,s (1.31-1.51 A) in FeAs compounds and Zr. (~1.77 A) in



Fe;+,Te. In contrast with the metallic antiferromagnetic (AFM) or superconducting state of iron
pnictides and chalcogenides under current studies, CuFeSb exhibits a metallic, ferromagnetic
state with 7, = 375 K. This finding suggests that the competition between AFM and FM
coupling may exist in Fe-based superconductors and that the nature of magnetic coupling within

the Fe plane is indeed dependent on the height of anion as predicted in theories.

PACS numbers: 74.70.Xa, 75.10.-b, 75.30.Et



I. INTRODUCTION

Since the superconductivity in iron pnictides and chalcogenides occurs in close proximity

1-8

to antiferromagnetically ordered states —, the superconducting pairing mechanism has been

13 The association of superconductivity with

suggested to be correlated to spin fluctuations
spin fluctuations is also manifested in the spin resonance of superconducting states ''™'>. In order
to shed light on the essential role of spin fluctuations in superconducting pairing, enormous
efforts have been devoted to study the mechanism of magnetism of undoped parent compounds
as well as the interplay between magnetism and superconductivity in these materials. Although
iron pnictides and chalcogenides share similar layered structure and Fermi-surface (FS)
topology, the antiferromagnetic (AFM) orders of their undoped parent compounds are distinct:
the pnictides such as LaOFeAs '® and BaFe,As, '’ show a “single-strip” AFM order with the in-

plane wavevector being identical to the FS nesting wavevector (m,rt), while the chalcogenide

Fei+,Te displays a “double-strip” AFM order with the in-plane wavevector of (7,0) 8,

The distinct AFM structures between these two classes of materials have triggered

intensive debate over the origin of magnetism. For iron pnictides, because the in-plane
component of the AFM wavevector is identical to the FS nesting vector (m,m), its
antiferromagnetism was considered to be driven by FS, i.e. spin-density wave (SDW) induced by
FS nesting '**. Nevertheless, this mechanism cannot be used to interpret the antiferromagnetism
in Fe;4,Te since its in-plane component of the AFM wavevector is (,0), rather than the FS
nesting vector (7,m). In addition to the picture of FS-driven magnetism, various models based on

. . 242 .
local moment superexchange interactions have been proposed *** and a scenario of local

o - - 24,27, 30-31
moments coupled to a low number of itinerant electrons is also considered “ “" . Moreover,



Yin et al. recently proposed an alternative unified microscopic model to interpret varying AFM
correlations *2. This model assumes coexistence of localized spins and itinerant electrons and
that the AFM superexchange coupling between localized spins competes with the double-
exchange ferromagnetic (FM) interaction by Hund’s coupling between the localized spins and
itinerant electrons. Both “single-strip” and “double-strip” AFM orders can be well understood in
light of different height of anion Z,on from the Fe plane between pnictide parent compounds and

Fel+yTe.

The important role of the anion height in determining a magnetic ground state is also
demonstrated in the first-principles calculations by Moon and Choi *. Their work showed that
the magnetic state of Fe;4, Te would switch from the “double-strip” to the “single-strip” AFM
order if the height of Te, Zr., was lowered below a critical value (~1.71 A). This is consistent
with the experimental observation that in Fe;+y(Te;.Se,) the (7,0) magnetic correlation gradually
weakens as the increase of Se content reduces Zr./se, but the (7,7r) magnetic correlation enhances
accordingly ’. Furthermore, from the total energy calculation (Fig. 2a in ref. **), there appears to
be a trend toward FM state with an increase of Z..ion. However, as far as we know, no
ferromagnetism has been reported thus far in any iron pnictides/chalcogenides isostructural to
ferrous superconductors. Here we report metallic ferromagnetism discovered in CuFeSb which
shares similar layered tetragonal structure with Fe-based superconductors. The height of Sb from
the Fe plane Zg, in this compound is ~1.84 A, much larger than Zx, (1.31-1.51 A) in FeAs
compounds '*'"** and Zr. (~1.77 A) in Fei+,Te '8 This result is in a good agreement with the

theoretical result stated above.

II. EXPERIMENT



Polycrystalline samples of CuFeSb were synthesized using a solid state reaction method.
The thoroughly mixed powder of Cu, Fe and Sb with the ratio of 1:1:1 was first pressed into
pellets, then sealed in an evacuated quartz tube and sintered at 700 °C for 24 h. The samples
were then reground, pressed into pellets, and sintered again at 700 °C for 24 h to ensure
homogeneity. Structural characterization of the sample was performed using X-ray diffraction
and neutron scattering. Neutron scattering data were collected on a powder sample with the
weight of 18 g using high resolution powder diffractometer BT1 at the NIST Center for Neutron
Research (NCNR), with Ge(311) monochromators giving wavelength 2.07820 A and collimation
of 15 minutes. The crystal and magnetic structures of the sample were refined using FullProf *°.
The sample composition was analyzed using energy dispersive x-ray spectrometer (EDXS). The
magnetization measurements on the sample were performed using a Quantum Design SQUID
magnetometer. The resistivity was measured using a standard four probe method in a Physical

Property Measurement System (PPMS, Quantum Design).

III. RESULTS AND DISCUSSIONS

Both X-ray diffraction and neutron scattering analyses show that the CuFeSb sample
crystallizes in the Cu,Sb-type tetragonal structure with the space group P4/mmm. Figure 1
presents the neutron diffraction data collected at 400K and 20K, as well as the results of
structural refinement. The refined structure is schematically displayed in Fig. 2. In addition to
CuFeSb, we observed two minor phases FeSb and Fe;O4, with their contents being estimated to
be ~ 2.63(1)% and 0.74(1)% respectively. FeSb is antiferromagntic with the NiAs structure 36

while Fe;O4 is a well-known ferrimagnet with 7, = 840 K. The lattice parameters of CuFeSb



derived from the refinement for 400 K are a = 3.93466(2) A and ¢ = 6.25152(4) A. Other refined
structural parameters, including atomic coordinates, bonding lengths and angles are summarized
in Table 1. Neutron scattering measurements conducted at low temperatures reveal that CuFeSb
does not undergo any structural transition. The composition analyses by EDXS confirm that the

sample composition is indeed stoichiometric.

The crystal structure of CuFeSb is basically analogous to those of Fe-based
superconductors, with particular similarity to LiFeAs *’. Fe and Sb form anti-PbO-type layers,
with Fe square planar sheets forming from the edge-sharing iron antimony tetrahedral network.
This structural characteristic is exactly the same as the anti-PbO-type FeAs layers in pnictides or
Fe(Te/Se) layers in chalcogenides. Cu ions occupy interstitial sites of Sb layers. In the FeSb
layers, Sb ions form a distorted tetrahedral arrangement around Fe ions, giving rise to two
distinct Sb—Fe—Sb bonding angles which are indicated by a and g in Fig. 2. a represents the
Sb—Fe—Sb bonding angle formed by two neighboring Sb ions lying above the Fe plane, and f
refers to the Sb—Fe—Sb angle formed by one Sb ion lying above and one Sb ion lying below the
Fe plane (see Fig. 2). a and £ are 93.860(5)° and 117.797(3)° respectively for CuFeSb,
remarkably different from those for LiFeAs where a = 102.793(6)° and f = 112.910(3)°
respectively **. Aside from the bonding angle difference, the Fe-Sb bonding length (2.693 A) is
appreciably greater than the Fe-As bonding length (2.4162(1) A). These differences of bonding
angles and lengths lead the height of Sb, Zgy,, from the Fe plane to be strikingly larger than Z in
FeAs compounds or Zr in Fej,Te: Zgy is 1.84 A for CuFeSb, while Zas (Zre) is 1.51 A for

LiFeAs **, 1.31 A for LaOFeAs '°, 1.35 A for BaFe,As,'” and 1.77 A for Fey,,Te '°.



Although CuFeSb shares similar tetragonal structure with the iron pnictides and
chalcogenides under current studies, it exhibits ferromagnetism, in sharp contrast with the
antiferromagnetism and superconductivity observed in current iron pnictides and chalcogenides.
The ferromagnetism of CuFeSb is demonstrated in both magnetization and neutron scattering
measurements. Figure 3a shows the magnetization M as a function of temperature for CuFeSb. A
remarkable ferromagnetic transition is observed; the transition temperature is estimated to be 375
K from the derivative dM/dT. Typical irreversible behavior for a FM state was observed in M(7)
measured with zero-field-cooling (ZFC) and field-cooling (FC) histories. Figure 3b displays the
magnetization vs. magnetic field M(H) curves at 2 K and 100 K. At both temperatures, the
magnetization saturates at very low field, indicating small magneto-crystalline anisotropy in this
compound. Saturation moments are 1.70 and 1.62 pp/Fe at 2 and 100 K, respectively. These
values are comparable to those theoretically calculated for LaFeAsO and BaFe,As, compounds
20-38 " As seen in the magnetic hysteresis loop at 2 K given in the right inset of Fig. 3b, the
coercive force for this FM compound is rather small, indicating that CuFeSb is a soft
ferromagnetic material. The temperature dependence of resistivity of this compound shows

metallic behavior, as shown in the left inset of Fig. 3b.

In neutron scattering measurements, as the temperature is decreased below 7., we
observed the increase of the magnetic Bragg intensities on top of the nuclear Bragg peaks, as
shown in the inset of Fig. 4 where the (001) diffraction peaks at various temperatures are
presented. This implies the magnetic propagation vector O,=0. The magnetic Bragg peaks can
be best fit with the ferromagnetic spin alignment on the Fe plane. Figure 1b shows the result of
refinement for 20 K as an example. The exact direction of the spin on the plane is

indistinguishable in the case of powder measurements, and for the refinements, it was arbitrarily



set to be parallel to the a-axis. This magnetic configuration is illustrated in Fig. 2. The variation
of ordered magnetic moment with temperature is shown in the main panel of Fig. 4. The ordered
magnetic moment starts to increase below the critical temperature, and becomes saturated around
1.5 up/Fe below 200K, comparable to the saturated moment measured in the magnetization (see
Fig. 3b). Moreover, from neutron scattering measurements, there appears to be a slight upturn of
the magnetic moment at low temperature. However, given that the resolution of the refined
magnetic moment is limited and we have only one data point below 100 K, further investigation

is needed to clarify this increase of moment.

What is the origin of the metallic ferromagnetism in CuFeSb? The answer to this
question would certainly be instrumental to the clarification of the magnetism mechanism of Fe-
based superconductor parent compounds. From the discussions presented above, the large height
of Sb from the Fe plane appears to play an important role in achieving ferromagnetism in
CuFeSb. The larger Zs, would cause the coupling between the Fe t,, states and the Sb 5p states
to become weak and thus increase the density of state at the Fermi level, N(EF), according to the
first principles calculation **. High N(Er) can explain metallic ferromagnetism in terms of Stoner
criterion. The trend toward ferromagnetism for Zypion > 1.82 A has indeed been revealed in the
DFT calculations for iron telluride *°. Given Zs, = 1.84 A for CuFeSb, our observation of

metallic ferromagnetism fits fairly well with this theoretical result.

In addition, the ferromagnetism of CuFeSb can also be interpreted using the above-
mentioned unified microscopic model proposed by Yin et al. **. The essential idea of this model
is that in iron pnictides/chalcogenides there exists the competition between the AFM

superexchange interaction of localized spins and the FM double-exchange interaction mediated



by the Hund’s rule coupling between localized spins and itinerant electrons. Zaion i a key
parameter in tuning the relative strength of these two magnetic interactions. Large Zanion weakens
the AFM coupling, but enhances FM correlation. This can be easily understood given that the
AFM superexchange interaction between localized spins at Fe sites occurs via the anions. When
the anions are farther away from the Fe plane, the Fe-Fe superexchange interaction through the
anions is naturally expected to become weak. With this idea in mind, the absence of
antiferromagnetism in CuFeSb can be viewed as a natural consequence of the large Zs,. While
we cannot exclude the possibility that the ferromagnetism of CuFeSb arises from Stoner
instability, the double-exchange FM interaction is a reasonable alternative interpretation. Further

investigation, including the first-principles calculation, is needed to elucidate this issue.

IV. CONCLUSIONS

In summary, we have synthesized a new material CuFeSb, which crystalizes in layered
tetragonal structure similar to those of Fe-based superconductors. We observed metallic
ferromagnetism in this compound, in sharp contrast with the antiferromagnetism and
superconductivity observed in other iron pnictides and chalcogenides. Our analyses suggest that
the large height of Sb from the Fe plane may play an important role in stabilizing a FM state in
CuFeSb. Our findings support the theoretical idea that the anion height controls the competing

magnetic interactions in Fe-based superconductors.
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Table 1: Refined structure parameters for CuFeSb at 400 K. The number in square brackets

indicates the number of symmetry of equivalent bond lengths.

Space group P4/nmm , a=b =3.93466(2) A, c = 6.25152(4) A

x y z B (A% Wyckoff
positions
Atomic Cu 0.25 0.25 0.71967(42) 1.028(48) 2¢
coordinates Fe 0.75 0.25 0 1.184(28) 2b
Sb 0.25 0.25 0.29418(53) 0.950(68) 2¢
Fe-Sb [4] Fe-Fe [4] Cu-Sb [1] Cu-Sb [4]
Bond lengths (&)
2.693(1) 2.782(2) 2.660(3) 2.784(2)
Bond angles (°)
a =93.860(5) B=117.797(3)

Sb-Fe-Sb
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Figure 1(Color online). Neutron powder diffraction spectra (+) of CuFeSb and the results of
FullProf. refinements (solid line) at 400 K (a) and 20 K (b). The difference between the
experimental data and the fitting line is shown at the bottom in both (a) and (b). Tick marks
indicate nuclear Bragg diffraction peak positions of CuFeSb/minor impurity phases (FeSb and

Fe;04) and magnetic diffraction peaks of CuFeSb/minor Fe;O4 phase.
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Figure 2 (Color online). Crystal structure of CuFeSb.
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Figure 3 (Color online). (a) Magnetization as a function of temperature M(T) of CuFeSb
measured with ZFC and FC histories. (b) Magnetization as a function of magnetic field M(H) of
CuFeSb at 2 and 100 K. Left Inset: the temperature dependence of resistivity. Right inset: the

magnetic hysteresis loop at 2 K.
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Figure 4 (Color online). The ordered magnetic moment as a function of temperature extracted

from the magnetic structure refinements of neutron powder diffraction spectra for CuFeSb. Inset:

(001) diffraction peak at various temperatures.
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