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Strong antiferromagnetic (AFM) correlation has long been postulated to be closely 

related to the occurrence of unconventional high-temperature superconductivity observed in the 

cuprates, heavy fermions and organic superconductors. The recently-discovered Fe-based 

superconductors add another interesting member to the list.  However, insufficient attention has 

been paid to the versatile nature of the magnetic correlation in these materials: some showing 

stripe (C-type) order, others double stripe (E-type) or block AFM order instead, implying 

potentially richer structures of the superconducting order.  Here we report the first observation of 

yet another AFM correlation in the family: a G-type AFM order as seen in the high-Tc cuprates, 
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in CuxFe1-yAs compounds isostructural to the LiFeAs superconductor. This study not only sheds 

light on the underlying mechanism of the rich magnetic correlations in the Fe-based 

superconductors, but also suggests the possibility of realizing a distinct pairing symmetry upon 

chemical doping or applying pressure.  
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The discovery of high-temperature superconductivity in iron pnictides and chalcogenides 

(i.e., ferropnictides and ferrochalcogenides) has attracted immense interest [1-12]. One distinct 

characteristic of ferropnictide and ferrochalcogenide superconductors is that their 

superconductivity emerges in close proximity to antiferromagnetic (AFM) order, similar to the 

scenario seen in high-Tc cuprate, heavy-fermion, and organic superconductors [13-15]. This has 

refueled the long-standing postulation of the deep relationship between AFM correlation and 

unconventional high-temperature superconductivity [8,10]. Correspondingly, since the discovery 

of this new member of high-Tc materials, the magnetic correlation has been intensively studied 

[8,10,16] and various microscopic mechanisms for the magnetic correlation have been heatedly 

debated [17-19], but no consensus has been reached.  

In sharp contrast to the simple G-type antiferromagnetic (AFM) insulating state in the 

cuprate superconductor parent compounds [20] (Fig. 1a), the parent compounds of Fe-based 

superconductors exhibit much more complex magnetic behavior and metallic electronic 

structure. First, the ferropnictides, including 1111 (RFeAsO, R = La, Ce …) [5,9,11,12], 122 

(AFe2As2, A = Ba, Sr, Ca and K) [2,6,21-23], and 111 (AFeAs, A = Na) families [24], possess a 

single-stripe, collinear C-type AFM order (Fig. 1b). Second, the parent compound of the “11” 

ferrochalcogenide family, i.e. Fe1+xTe, shows a double-stripe AFM order (Fig. 1c) [25]. Even 

more, ferrochalcogenide A2Fe4Se5 (A = K, Rb, Cs, Tl) (“245”) is found to host a block 

checkerboard AFM order (Fig. 1d) [26,27], adding further complexity to the magnetism of 

ferrochalcogenides and ferropnictides. 

Such a rich variety of magnetic structures poses a great challenge to the basic 

understanding of their mechanism. For instance, with the same nesting vector of the electronic 

Fermi surface observed in all ferropnictides and ferrochalcogenides, the standard picture of spin 
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density wave of itinerant magnetism [28-30] cannot account for all the magnetic structures 

discussed above for the different wave-vectors they correspond to. And while the distinct 

magnetic structures in these materials can be fitted with highly anisotropic next-neighboring 

(NN) couplings in conjunction with the strongly material-sensitive next-nearest neighbor (NNN) 

interactions [16,23], such a strong anisotropy and material dependence is hard to be rationalized 

from the spin channel alone.  Instead, it likely results from coupling to the itinerant carriers and 

other degrees of freedom, for example the orbital order [31]; or more specifically, it has been 

proposed that the complex interplay of the kinetic energy of degenerate itinerant carriers and the 

potential energy of local moments can produce all three magnetic structures [32]. 

In this paper, we report a surprising discovery of yet another magnetic correlation in 

CuxFe1-yAs, a “111” type iron pnictide: a collinear G-type AFM order below the Neel 

temperature TN1 = 220 K followed by a canted AFM state below TN2 = 140 K to (Fig. 1e and 1f).  

Such magnetic states are sharply contrasted with the previously-reported single- and double-

stripe AFM orders for the “1111”, “122”, “111” and “11” systems, or the block checkerboard 

AFM order for the “245” system, but bears some similarity with the magnetic structure of 

cuprate superconductor parent compounds. However, unlike the insulating G-AFM state in 

cuprates, the G-AFM/canted G-AFM state in CuxFe1-yAs comes with metallic transport 

properties. Such magnetic states offer us important additional clues and constraints to understand 

the mechanism of magnetic correlation of these families of materials.  Our ab initio electronic 

structure calculations indicate that Cu vacancies in this material give rise to hole doping to As 

sites, leading to spin polarization of As px and py orbitals. This mediates additional NNN 

ferromagnetic (FM) coupling and promotes the formation of the G-AFM order. Our findings 

advocate the active role of the anions and imply the necessity to take into account of their 
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orbital/spin polarization beyond the previous consideration of just their height [32].  

Furthermore, the new magnetic correlation is expected to host a different pairing symmetry if 

superconductivity can be induced via doping or applying pressure in future explorations. 

CuFeAs crystallizes into a Cu2Sb type tetragonal structure with a space group of P4/nmm 

at room temperature. Earlier studies [33,34] have found that CuFeAs is non-superconducting 

down to 2 K, though it is isostructural to Fe-based superconductors NaFeAs and LiFeAs [24,35-

37]. The reported magnetic properties of this material are controversial. CuFeAs was initially 

reported as a material showing FM - like behavior with the Curie temperature Tc ~ 40 K [33], 

while Thakur et al. claimed that this material is AFM with a Néel temperature of 9 K based on 

magnetic susceptibility measurements [34]. Recent studies by Qian et al. on single crystal 

CuxFeAs have found that it exhibits weak ferromagnetism below Tc ~ 42 K [38]. Moreover, they 

also found that Cu sites have vacancies with the Cu content being in the 0.62 - 0.73 range. Given 

that CuFeAs shares similar crystal structure with the “111” family of Fe-based superconductors, 

it is of fundamental importance to clarify its magnetic properties and unite it with the magnetism 

of other Fe-based superconductor parent compounds.  

Single crystals of CuFeAs were synthesized using self-flux method [38]. The actual 

composition of the sample used in this study is also nonstoichiometric, i.e. Cu0.68Fe0.80As [39]. 

Thus we will use the CuxFe1-yAs formula to represent our sample hereafter. Fig. 2(a) displays the 

temperature dependence of the heat capacity of CuxFe1-yAs, from which two anomalies can be 

seen. The first anomaly occurs at T ~ 220 K, which has not been reported in previous studies 

[33,34,38,39]. The second anomaly, which is much weaker than the one near 220 K, occurs near 

63 K. This can be attributed to the presence of the weak ferromagnetism arising from spin 

canting in the AFM state as discussed below. 
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The temperature evolution of magnetic susceptibility of CuxFe1-yAs is shown in Fig. 2(b). 

It was measured during warming with 1000 Oe magnetic field applied along the in-plane and 

out-of-plane directions after a zero field cooling (ZFC) process, respectively. One can see a 

dramatic increase in magnetic moment around 63 K, which suggests the onset of the weak FM 

state, a feature similar to what was reported previously [38]. The small cusp in the specific heat 

at 63 K can be associated with the occurrence of this weak ferromagnetism. In addition, the 

material exhibits magnetic anisotropy with the spin easy-axis lying in the ab plane.  

To understand the nature of the anomaly shown in the heat capacity around 220 K and 

reveal the intrinsic magnetic ground state of this system, we have performed comprehensive 

neutron and synchrotron x-ray diffraction measurements [39]. Unlike the tetragonal-to-

orthorhombic structural phase transition in other ferropnictides (e.g., NaFeAs [24]), we have 

found no indication of a potential structural distortion upon cooling [39]. Therefore, one can 

reasonably infer that the specific heat anomaly near 220 K for CuxFe1-yAs is most likely 

associated with the onset of magnetic ordering. Our neutron scattering measurements 

demonstrate that this is the case. Fig. 3(a) shows the rocking curve scan at Q = (0 0 0.5) at 

different temperatures. We observed a remarkable Bragg peak at 4 K; this peak becomes extinct 

at T = 150 K and 250 K indicating its magnetic nature. The temperature dependence of the (0 0 

0.5) neutron scattering intensity is presented by the blue symbols in Fig. 3(c) where one can see 

that the (0 0 0.5) magnetic reflection disappears around 140 K, consistent with the absence of 

magnetic Bragg scattering intensity beyond the background signal measured at 150 K (Fig. 3a). 

This feature implies a magnetic phase transition occurring with TN2 ~ 140 K, which is much 

lower than the temperature (220 K) associated with the strong anomaly shown in the heat 
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capacity measurement (Fig. 2a). Surprisingly, we found no anomaly around this temperature in 

the heat capacity data.  

To resolve these puzzles, we examined the temperature dependence of another magnetic 

Bragg peak at (1 0 0.5). As we will show later, the non-zero intensity of the (0 0 0.5) and (1 0 

0.5) Bragg peaks at 4 K likely originates from two different types of magnetic structures. Fig. 

3(b) shows the rocking curves of (1 0 0.5) measured at different temperatures. Interestingly, 

unlike the (0 0 0.5) peak, the (1 0 0.5) peak sustains to high temperature; a noticeable scattering 

intensity near (1 0 0.5) can still be seen at 150 K, though it is much weaker than that measured at 

4 K. This implies that at 150 K, CuxFe1-yAs is in an AFM state with a distinct magnetic structure 

from that at 4 K. The extinction of neutron scattering intensity at (1 0 0.5) above 220 K, as 

shown in Fig. 3(c) and Fig. 3S in [39], suggests that this material becomes AFM below TN1 ~ 220 

K, consistent with the specific heat measurement (Fig. 2a). The magnetic entropy is likely 

released mostly at TN1 such that the specific heat anomaly at TN2 becomes non-observable as 

shown in Fig. 2(a). 

The unusual temperature dependences of the (1 0 0.5) and (0 0 0.5) neutron scattering 

intensity described above imply different magnetic structures for temperature regions below and 

above TN2, which are indeed revealed by the representational analysis using the BasIrreps 

program in FULLPROF [39,40]. For T < TN2, a canted spin structure (Fig. 1e) with a FM 

component along the in-plane direction (a or b-axis) and an AFM component along the c-axis 

was resolved. The spin canting angle is ~ 50º relative to the c-axis and the magnetic moment is 

0.18(1) µB/Fe. We note that small ordered moments are also observed in other FeAs - based 

compounds such as NaFeAs and LaOFeAs [9,24], the possible origin of which is the high 

itinerancy of charge carriers [41]. Given that CuxFe1-yAs shows quasi-two-dimensional metallic 
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transport properties, it is not surprising to lead to small ordered moments. The in-plane FM 

component arising from the spin canting in the AFM state revealed in our experiments accounts 

for the previously reported weak ferromagnetism in CuxFe1-yAs [38]. In contrast, for TN2 < T 

<TN1, the AFM state should feature a typical G-type order without spin canting (Fig. 1f), which 

is evidenced by the fact that the (1 0 0.5) magnetic peak is present, while the (0 0 0.5) peak is 

absent. Unfortunately, the scattering intensity of magnetic Bragg peaks other than the (1 0 0.5) 

peak above TN2 is not convincingly measurable above the background due to the very small 

intensity, which prevents us from determining exactly the spin direction.  

The G-type AFM structure in CuxFe1-yAs implies antiferromagnetic NN interaction and 

weaker AFM (or potentially FM) NNN interaction, which is in contrast to other ferropnictides. 

To explore the underlying mechanism that gives rise to this unusual G-type order, we have 

performed first-principles calculations [39]. The resulting band structure of CuFeAs in Fig. 4(a) 

shows clearly that (green dressed) Cu d bands are deep below the chemical potential. That is, Cu 

atoms are in the Cu+ configuration with fully filled d orbitals and are thus magnetically inert.  

Therefore, decreasing Cu concentration dopes hole carriers into the Fe-As layers.  One might 

thus be tempted to believe that in the heavily hole doped case Cu1-xFeAs, Fe atoms can lose one 

electron to behave like Mn and promote G-type AFM order [42]. 

However, our detailed analysis indicates that a novel mechanism involving orbital/spin 

polarization of As atoms is in action here. For simplicity and clarity, Fig. 4(c) (d) and (e) show 

the spin resolved partial density of states (DOS) of As px orbital and band structure plots of a 

heavily hole doped Cu1-xFeAs with x = 1. Fig. 4(c) shows clearly a significant enhancement of 

the As-px DOS above the Fermi level (vertical line at zero energy) in the down-spin channel, 

indicating that a large portion of the doped hole carriers reside in the As px orbital [defined in 
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Fig. 4(b)] which makes this orbital strongly spin polarized and magnetic active. The same is 

illustrated in more detail by the magenta dressed components of As px orbital in Fig. 4(d) and (e). 

We illustrate in Fig. 4(b) the basic features found in our numerical study. Since the As px orbital 

couples strongly (antiferromagnetically) to the two NNN Fe atoms, it naturally promotes the 

microscopic processes that mediate FM coupling between them. Similarly, with doped holes the 

py orbital couples to the other two neighboring Fe atoms as well. In the presence of AFM NN 

coupling, it is easy to see that such a NNN FM process favors G-type over the more common C-

type magnetic order in the typical Fe-based superconductors, and consequently the As atom 

develops an unusual orbital-dependent spin texture shown in Fig. 4(b). One thus expects a strong 

tendency towards G-type magnetic order against the A-type order upon lowering the Cu 

concentration. Indeed, our DFT calculation of Cu1-xFeAs shows the correct qualitative trend in 

the total energy against the C-type order with the G-type about 253 meV more energetically 

favorable in Cu1-xFeAs at x = 1 than at x = 0. While the calculations were done on systems with 

stoichiometric Fe, the Fe vacancy sites of our studied compound will very likely be filled by the 

slightly smaller Cu1+ ion and thus only weaken the magnetic order via dilution of spin moments. 

This should not change the local correlation or long range order between Fe ions.  

Finally, note from Fig. 4(b) that Fe atoms also tend to possess a staggered orbital order 

when having more hole carriers in alternating dxz and dyz orbitals. The system can further lower 

its energy (at T < TN2) by additional symmetry breaking via, for example, the charge order and 

new orbital ordering. This would introduce uneven magnitudes in magnetic moments, consistent 

with the observed canted magnetic pattern. 

Now back to the pnictide families, the G-type AFM order reported here is the first case 

for ferropnictides.  This weakly ordered metallic state of Fe d6 configuration is also to be 
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distinguished from the previously reported G-type AFM in BaMn2As2 [42], in which the high-

spin d5 configuration of Mn atoms gives a much larger ordered moment of 3.88 µB/Mn and an 

insulating state.  Realization of this new structure of correlation offers additional clues and 

constraints to the intensively studied and still debated microscopic mechanisms of magnetic 

correlation in iron-based superconducting materials, and calls for the necessity of revisiting the 

roles of anion sites in addition to the previously proposed anion height in understanding the 

mechanism of local magnetic correlations [32]. Furthermore, given that a superconducting state 

involves pairing of carriers of specific spin texture [8,10,16], having a new magnetic correlation 

in this family implies a new superconducting pairing symmetry in iron based compounds [17-

19], if superconductivity can be induced via chemical doping or external pressure in future 

explorations.  A contrasting case like that would be highly valuable in revealing the intrinsic 

nature of the superconductivity in the Fe-based superconductors, and help to resolve the long-

standing puzzle of high-temperature unconventional superconductivity in general. 

In summary, we reported a surprising discovery of a G-type antiferromagnetic order in 

CuxFe1-yAs, adding a new member to the already rich magnetic correlations in the ferropnictide 

and ferrochalcogenide families.  We have shown that this newly unraveled magnetic correlation 

arises from hole-doping to As sites due to Cu vacancies, which leads to spin polarization of As p 

orbitals that mediates additional ferromagnetic next-nearest-neighbor interactions. The finding of 

this distinct magnetic correlation not only provide valuable contrast that gives additional clues 

and constraints to the existing competing pictures of magnetic correlation in these materials, but 

also offer potential opportunities to realize superconductivity of different pairing symmetry in 

ferrochalcogenides and ferropnictides in future explorations. 
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Figure captions: 

Figure 1. (a) G-type antiferromagnetic structure, (b) Collinear single-stripe antiferromagnetic 

structure, (c) Double-stripe antiferromagnetic structure. The red and blue arrows indicate the spin 

direction of Fe atoms in (a), (b) and (c). (d) Block checkboard antiferromagnetic structure, with 

the open squares representing the Fe vacancy while + and – symbol representing the spin 

direction of Fe atoms pointing to opposite directions along the c-axis. Magnetic structure of 

CuxFe1-yAs determined by neutron diffraction at 4 K (e) and 150 K (f), respectively. The spin 

direction at 150 K could not be uniquely determined due to the limitation of the data obtained.  

Figure 2. (a) Specific heat of CuxFe1-yAs as a function of temperature measured during cooling 

from 250 K to 2 K. The two purple arrows at 220 K and 63 K correspond to the 

antiferromagnetic and weak ferromagnetic transitions, respectively. Inset shows an expanded 

view. (b) Magnetic susceptibility of CuxFe1-yAs measured with 1000 Oe magnetic field applied 

along both in plane and out of plane directions after zero field cooling.  

Figure 3. Rocking scan of the Q = (0 0 0.5) (a) and Q = (1 0 0.5) (b) magnetic Bragg reflections 

at 4 K, 150 K and 250 K. The neutron counting time is 30 s and 480 s, respectively. (c) The 

temperature profile of the peak intensities of the Q = (0 0 0.5) and (1 0 0.5) magnetic Bragg 

peaks with the counting time of 180 s and 600 s, respectively. The dark blue and pink curves are 

guides to the eyes. 

Figure 4. (a) Electronic band structure of G-type CuFeAs with highlighted Cu-d orbital 

component, showing clearly that they are well below the Fermi energy (at zero) and fully 

occupied. (b) Illustration of strong next-nearest-neighbor ferromagnetic coupling of Fe atoms 

bridged by the spin-polarized px or py orbital of the As atom in the G-type antiferromagnetic 
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configuration. (c) Comparison of the As px partial density of states for x = 0 and x = 1 in G-type 

order, showing a large enhancement of down-spin component above the Fermi level upon 

reduction of Cu (highlighted by the green circle). (d) and (e), The band structure for the case of x 

= 1, with highlighted As px contribution showing a strong spin polarization. 
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Figure 1. 
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Figure 2. 
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Figure 3.  
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Figure 4. 
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