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We investigate the structural variation and physical properties of layered LayM5As30, (M = Cu, Ni) compound
upon Co doping. It is found that the substitution of Co ion just induces the monotonous change of lattice constants with-
out observing the anomalous kink in superconducting Lay(Cu;_,Niy)sAs30; solid-solutions. Meanwhile, this doping
barely changes As—As bond length in [MsAs3]?~ subunit (+2%), being significantly smaller than 7% shrinkage of that in
Lay(Cu;_;Niy)5As30;. Therefore, the doping dependence of crystal structure exhibits similar trend with Ba; _,K,Fe;As,
without the interference of Asl-As2 bonding, implying that the Co substitution for Cu/Ni is hole-doped. In terms of
physical property, Lay(Cuj_,Co,)sAs30; turns into itinerant ferromagnetic metal, while Lay(Nij_,Coy)5As30, shows
paramagnetism and suppressed structural phase transition upon Co-doping. The distinct structural variation and absence of
superconductivity provide important clues to understand the effect of As—As bond in [M5As3]2~ subunit.

Keywords: crystal structure, As—As covalent bond, transport property

PACS: 61.50.—f, 72.15.—v, 75.20.En, 74.70.Dd

1. Introduction

Discovery of high-temperature superconductivity (SC) of
cuprates,“‘ﬂ iron pnictides,m’s] and iron selenides!®191 has
brought out huge advances in condensed matter physics and
material sciences. Typical structure of both iron-based su-
perconductors is a layered form, where the spacer layers are
ionic [Lay0,]?>7/Ba’>T/K* and the functional layers are anti-
fluorite type [Fex Xo]>~ (X = P/As or S/Se/Te). The interesting
properties like superconducting transition temperature (7¢),!!!]
quantum critical point,!'? nematic phase,'*! and magnetic
fluctuation!'*! are intimately determined by the geometry and
electron counting of the latter one.

In well-documented reports, chemical doping in the
spacer or functional layer can effectively influence the states

15,161 For ex-

of [FesX,]?~, T, and superconducting property.|
ample, in ThCr,Si>-type BaFe,As;, partial replacing diva-
lent Ba2™ with monovalent A1 ions (A = alkali metal) leads
to hole-doping superconductors exhibiting dome-like 7;.5!
Alternately, substituting Fe>* with Co?*/Ni’* cation!!7-18]
or As’~ with P37 anion!!'?! can induce electron-doped su-
perconductors with similar dome-like 7. and many unex-
pected properties. In terms of crystallography, we can

see there are distinct evolutions of crystal structure upon

DOI: 10.1088/1674-1056/abf349

doping. That is, the in-plane lattice a shrinks (expands)
and the c-axis expands (shrinks) in hole (electron)-doped
Ba;_,AFesAsy, 19211 which is viewed as competition of
intra-layer deformation and interlayer Coulomb attraction due

12 s.122] Once

to accumulation of charge in the [Fe,X>]"~ layer
the excess holes are introduced into the [Fe,X»]?~ layers, the
Fe—X bond length and X—Fe—X angle are decreased, leading
to an in-plane contraction. Meanwhile, the Coulomb attrac-
tion between the positive space layers and negative charged
[Fex X>]*~ layer weakens, and the expansion of c-axis ensues.

The Lny(Cuj_,Niy)5As30, (Ln = La, Pr, Nd) is the first

(231 It pos-

CuAs-based superconductor reported by our group.
sesses a typical layered structure that is consisted of spacer
layer [Lay0,]** and functional subunit [Ms5As3]>~ (M = Cu,
Ni, Co) containing strong As—As covalent bond along c-
axis.[?*?! For the end-member ResNisAs3;O, (Re = La, Ce,
Sm), [?% it exhibits a structural phase transition from tetragonal
(I4/mmm) to orthorhombic (I/mmm) symmetry, and does not
change into superconductors at low temperature. The solid-
solutions of Lny(Cu;_,Niy)sAs30; exhibit complex change in
structure, where a increases and ¢ decreases as x < 0.4, and
then a decreases and c increases as x > 0.4. At the same time,
the As—As bonding length shrinks from 2.81 A t0 2.63 A, lead-
ing to a dome-like 7; with the highest T;. at x = 0.4. Since the
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As—As covalent bond can accumulate or release excess elec-
trons, the empirical rule obtained from ThCr,Sis-type com-
pounds seems not to be accurate enough to describe the struc-
tural change in the layered compounds.

In this work, we prepare two series of solid solutions of
Lay(M1-,Coy)sAs30, (M = Cu, Ni) (x = 0-0.7) and system-
atically investigate the structural change and physical prop-
erty. It is found that the As—As bond length only slightly
changes (+2%), differing from large shrinkage of that in
Lay(Cu;_,Ni,)sAs30,.1231 Meanwhile, we observe that the
Co-doping induces monotonous change in a and ¢ unlike
the anomalous kink of Lay(Cu;_,Ni,)5As30;. In addition,
Lay(Cu;_Coy)sAs30, (x = 0-0.7) exhibits a phase transition
from paramagnetism to ferromagnetism as the Co content in-
creases above 0.4. While Lay(Ni;_,Co,)5As30, (x = 0-0.7)
samples only show paramagnetism, and the structural transi-
tion from tetragonal to orthorhombic phase is suppressed. We
discuss the structural evolution and the lack of superconduc-
tivity from the key aspect of As—As covalent bonding state.

2. Experimental details

Polycrystalline samples of Lay(M;_,Coy)5A830, (M =
Cu, Ni) (x = 0-0.7) were synthesized by conventional solid-
state reactions. The binary precursors LaAs and CuzAs, NiAs,
Co,As were pre-synthesized by reacting La filings, Cu/Ni/Co
powder and As powder at 1000 K for 20 h. Then, the pow-
ders of LaAs, CuzAs, NiAs, CoyAs, Lay03, Ni, and Cu were
weighted according to the desired ratio, ground, and pelleted
under a pressure of 50 MPa in an argon-filled glove box with
an O; and H,O content below 1 ppm. The pellet was loaded
into an Al, O3 crucible, and then sealed into an evacuated sil-
ica tube, which was heated at 150 K, hold for 40 h, and then
furnace-cooling to room temperature.

Powder x-ray diffraction (PXRD) patterns of the ob-
tained samples were collected using a Panalytical diffractome-
ter with Cu K¢ (A = 1.5408 A) radiation equipped with a low-
temperature cryostat. Rietveld refinement of the PXRD pat-
tern was performed by Fullprof software suites.[?”] The elec-
trical resistivity (p) was measured through the standard four-
wire method in the physical property measurement system
(PPMS, Quantum Design). The dc magnetic properties were
characterized using a vibrating sample magnetometer (PPMS,
Quantum Design).

3. Results and discussion

Figure 1(a) shows the PXRD patterns of the selected
Lay(M;_,Co,)5As30, (M = Cu, Ni) samples for clarity. There
are no obvious impurity peaks in the whole pattern, indicat-
ing that the synthesized samples are homogeneous and al-
most pure phase. All diffraction peaks exhibit monotonous

shift with increasing the content of Co. Meanwhile, all the
peaks can be indexed with a unit cell of tetragonal symme-
try. We determined the crystal structure of pure La;CusAs30;
and La;Ni5sAs30; phases and reported them in Refs. [23,26].
Therefore, we can refine the whole PXRD pattern of two se-
ries of Co-doped La;CusAs30;, and LapNisAs3O, samples
based on the above structure. The representative profiles are
plotted in Fig. 1(b).
La;Cu3CoyAs30, and LayNizCorAs3O, smoothly converge
into R, = 1.92%, Ryp = 2.76% and R, = 1.78% and Ry, =
2.43%, respectively. Here we think that the Cu/Ni atoms are

The refinements of both patterns of

random substituted by the Co ions without changing the struc-
tural symmetry. Meanwhile, the Co substitution of Cu (Ni) is
more likely to be hole-doping due to two (one) fewer 3d elec-
trons according to the results in literatures. 28]

The crystal structure of LayMsAs30, (M = Cu, Ni,
Co) is drawn in Fig. 2(a). It can be seen that functional
[M5A53]2’ subunit and fluorite-type [La,05]** layers are al-
In a [CusAs3]?~ sub-

unit, the M1 atoms are separated by a central M2 plane

ternately stacked along the c-axis.

and the Asl—-As2 are connected by the covalent bond with
length of 2.81 A. The bonding details are shown in Fig. 2(b).
The Co-content dependent unit cell parameters are sum-
marized and plotted in Figs. 2(c) and 2(d). The data of
Lay(Cu;_,Ni,)5As30, are taken from Ref. [23] and shown
as green square. We firstly examine the crystallographic
parameters of Lay(Nij_,Co,);5As30, in the right panels of
Figs. 2(c) and 2(d). As x below the doping limit of 0.7, it is
found that the lattice constant a continuously decreases from
4.0691 A to 4.0162 A, however, the ¢ inversely increases from
22.482 A to 22.972 A. The obtained c/a ratio linearly in-
creases from 5.54 to 5.72, which perfectly falls into the ex-
trapolated line of La(Cu;_,Ni,)sAs30;. It again confirms
the validation of the present experimental data. For the vol-
ume of a unit cell, it just slightly decreases from 372 A3 to
370 A3. For the Lay(Cuy_,Co,)5As30;, the a monotonously
decreases from 4.1404 A to 4.0621 A, differing from that
of Lay(Cuj_,Niy)5As30,.
constant and gradually saturates to be 23.0 A. The c/a ra-

While its c-axis firstly keeps a

tio slightly increases from 5.54 to 5.66 and the volume lin-
early decreases from 391 A3 to 379 A3. The shrinkage of
a and expansion of ¢ indicate that the Co-substitution is like
hole-doping as suggested in hole-doped layered compounds
of Ba;_,K,Fe,As, %! and Ba;_,Na,Fe,Asy.[2% In addition,
the variations of lattice constants of two Co-doped cases are
significantly different from those of Lay(Cu;_,Ni,)sAs30,, in
which the a, ¢, and ¢/a ratio show non-monotonous changes
and the highest 7 perfectly occurs at the structural anomaly of
xNi = 0.4.
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Fig. 1. (a) Powder XRD patterns of typical Lay(M;_,Coy)sAs30, (M = Cu, Ni) samples. (b) Rietveld refinement profiles of two representative

samples of LapCuzCozAs30; and La;NizCoyAsz 0.
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Fig. 2. (a) Crystal structure of Lay(M;_,Coy)sAs30, (M = Cu, Ni, Co). (b) Structure of [MsAs3]%~ subunit. (c) Lattice parameters a, ¢, c/a
and volume of unit cell V' of three series of samples. The data of La(Cu;_,Niy)sAs30, are taken from Ref. [23]. The error bars are within the

hollow squares.

In order to analyze the details of structural evolution,
we first check the change in interlayer spacing (d) between
[Lay0,]** layer and [M5As3]*>~ upon Co doping. It is found
that d linearly increases within the limit of experimental
error in Fig. 3(a). The increments of d are 0.06 A and

0.13 A for Laz(Nil_xCOx)sAS302 and Laz(Cul_xCOX)SAS302,
respectively. At the same time, in Fig. 3(b), the thickness (J)
of [LayO,]** layers also increases, which can partially ac-
count for the trend of increase in c-axis. For the [MsAs3]>~,
the thickness equals to two times of Asl—-As2 bond length. In
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Fig. 3(c), we plot the variation of Asl—As2 bond lengths of
three systems. In Ni-doped La,CusAs30,, the length almost
linearly decreases from 2.81 A to 2.63 A with a kink at x = 0.4.
However, as further lowering the number of d electrons from
3d® (Ni*") to 3d” (Co?T), the As1—As2 bond length inversely
increases slightly and then keeps a constant of 2.66 A. For
Co-doped La;CusAs30;, the Asl—-As2 bond length slightly
decreases from 2.81 A to 2.73A accompanying a tiny kink at
x=0.5, see Fig. 3(d). From the above results, one can see that
the expansion of c-axis mainly comes from the increment of
interlayer spacing d and thickness & of [La;0,]*>" layer be-
cause the thickness of [MsAs3]?~ changes little.

Figure 4 shows temperature-dependent transport prop-
erty of Lap(Cuj_xCoy)5A530, (x = 0-0.7) from 2-300 K.
As shown in the temperature-dependent resistivity p(7) of
Fig. 4(a), all samples with different Co contents show metallic
conductivity in the measured temperature range. As we know,
the parent compound LayCusAs30; is a superconductor with
T. = 0.65 K. There is a jump at 80 K in p(T') curve, implying
a density-wave phase transition. It is found that with the in-
crease of Co ion, the resistivity kink disappears for all of the
doped samples. Meanwhile, the magnitude of magnetic sus-
ceptibility () gradually increases with increasing Co content,
as shown in Fig. 4(b). In the inset, the y of the sample with a
low concentration of Co is smaller than 4 x 10~3 emu/mol-Oe,
and the temperature-dependent ) shows typical Curie—Weiss
behavior, suggesting that there are enhanced magnetic inter-
actions between Co ions.*%! As x > 0.4, the x(T) curves ex-
hibit typical ferromagnetic phase transitions with Curie tem-

(a) E LaQ(Nil_ICOw)5AS;;OQ
5
1.80F -~ s
_ mBa g
fc./ - E P
= ® m ~ HE
1.74}1 EE/ &
E 7
0 0.2 0.4 0.6 0.8
z (Co)
(c) 0 1(0) 1
Laz(Cul ‘LNi‘L);)NS;;()z
2.80 '
@ 2.72}
<
4 -
n
< 2.64}
1
ILaj(Nl}_LCOI)I5A53OQ

Cut(3d10) Ni2+(3d8)

xT

As1—As2 (A)

Co2+(3d7)

perature around 120 K and the maximal y of x = 0.4 sample
is 0.38 emu/mol-Oe. Figure 4(c) shows the temperature de-
pendence of x(T') per mol Co of three samples measured un-
der a magnetic field H = 1 T. The inset shows three 1/x(7T)
curves and the data between 120 K and 250 K can be well fit-
ted by the Curie—~Weiss equation y = C/(T — 0), where 6 is
the Curie temperature that is related to the effective interac-
tion between the magnetic moments. C is the Curie constant
contributed by the effective magnetic moment. The obtained
0 are 101.4 K, 99.1 K, and 66.9 K for x = 0.4, 0.45, and 0.6,
respectively, and the positive values indicate that the magnetic
interactions are ferromagnetic. We calculate the effective mag-
netic moment through Ueg = \/W where n is the number
of magnetic atoms. The effective magnetic moments (Lesf) per
Co ion are 1.47 up, 1.74 ug, and 1.41 ug, which are close
to the classic value (1.73 ug) of low-spin state of Co?* ion.
Figure 4(d) shows the H-dependent magnetization (M) loops
of LayCuy 75C0;.25A830, measured at different temperatures.
As T > 200 K, the M—H curves linearly increase and exhibit
paramagnetic characters. As T < 100 K, the M gradually in-
creases to a constant value with increasing H. Meanwhile,
the saturation magnetic moment g gradually increases as the
temperature decreases. At T = 10 K, the saturated magnetic
moment g of LayCuy 75C07.25A5307 is 0.29 ug. But the M—
H curves do not show large hysteresis in low field range, and
the coercive force is 50 Oe, which can be viewed as a typical
soft magnet. Meanwhile, since the L is much smaller than
Uegr and the sample is metallic, the Lay(Cu;_,Co,)sAs30; is
an itinerate ferromagnet.
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x

Fig. 3. (a) and (b) Co-content dependent interlayer spacing d between [Lay0,]*t layer and [MsAs3]%~ subunit, and thickness (8) of [La,0,]%*
layer. Dashed lines are guided to eyes. (c) and (d) As1-As2 bond lengths in three series of samples. The data of Lay(Cu;_,Niy)sAs30, are

taken from Ref. [23].
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Fig. 4. Physical properties of Lay(Cuj_,Co,)5As30,. (a) Temperature-dependent electrical resistivity of Lay(Cu;_,Coy)sAs30; (x = 0-0.7)
from 2 K-300 K. (b) Temperature-dependent magnetic susceptibility () measured at H = 1 T. Inset shows the x (') curves of x =0, 0.1, and
0.2 samples. (c) x(7) curves for per mol Co ion. Inset shows their inverse curves. Pinks lines are fitting curves as shown in the main text. (d)
M-H loops of different temperatures.
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Fig. 5. Physical property and structural phase transition of Lay(Nij_,Co,)5As30;. (a)—(b) Temperature-dependent electrical resistivity (p)
and magnetic susceptibility (¥) measured at H = 1 T. (c)—(d) (200) and (215) diffraction peaks of x = 0.1 and x = 0.6 samples measured
from 10 K-300 K. (e)—(f) Temperature-dependent lattice constants of Lay(Nij_,Coy)sAs30, (x = 0.1 and 0.6). For x = 0.1, there is a phase
transition evidenced by splitting of a-lattice parameters below 270 K.

Now we turn to investigate the transport property of
Lay(Nij_yCo,)5As30, (x = 0-0.7).

p(T) curves of all samples. It can be seen that all samples

Figure 5(a) shows the

behave as a metal in the measured temperature range, and the

p of the doped samples has increased by 1-2 orders of mag-
nitude due to magnetic or disorder scattering. Another reason
is that the As1—As2 covalent bond status changes the carrier

concentration, and the synergistic effect enhances the resis-
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tivity. Figure 5(b) shows the magnetic susceptibility x (7') of
Lay(Ni;_,Coy)5A830; (x = 0-0.7) with H = 1 T. We can see
that the y(7') curves of all samples show paramagnetic behav-
ior in the measured range. Meanwhile, with increasing the
Co content, y(7) gradually increases, the value is between
0.007 emu/mol-Oe and 0.025 emu/mol-Oe. Compared with
the x(T') of Lap(Cu;_,Co,)sAs30,, the high concentration of
Co does not induce ferromagnetic phase transitions.

Since La;NisAs3zO, undergoes a structural phase tran-
sition from tetragonal (I4/mmm) to orthorhombic (I /mmm)
symmetry at 270 K, we measured the PXRD pattern of
Lay(Nij_xCoyx)s5As30; (x = 0.1 and 0.6) from 300 K to 10 K
so as to check the structural evolution upon Co doping. Fig-
ure 5(c) shows the temperature-dependent (200) and (215)
diffraction peaks of x = 0.1 sample. We can see that the peaks
(200) and (215) split into (200)/(020) and (125)/(215), respec-
tively, as the temperature is lower than 270 K. It means that
the sample undergoes a similar structural phase transition like
La;NisAs3O;. In Fig. 5(d), it can be seen that the (200) and
(215) diffraction peaks of x = 0.6 sample shift towards higher
angle without splitting with decreasing temperature, indicat-
ing that the phase transition has been suppressed. We use the
orthogonal space group //mmm (No. 71) to index the PXRD
pattern at 10 K. The lattice constants are ag = 4.0616(2) A,
by = 4.0847(8) A, and ¢y = 22.393(3) A. Figure 5(e) shows
the temperature dependence of the lattice constants of x = 0.1
sample, where aq and cg gradually decrease, and by gradually
increases and becomes saturated as 7' decreases. For x = 0.6
sample, the lattice constants a and ¢ just monotonously shrink
during cooling, see Fig. 5(f).

Let us briefly discuss the structural variation and physical
property of LaMs5As30, (M = Cu, Ni) under Co doping. As
previously reported doping behaviors in BaFe;As;, the sub-
stitution of Fe by Co/Ni/Cu with more 3d electrons leads to
electron-type doping and the doping-dependent superconduc-
tivity can be scaled by the net carrier concentrations. 3! In the
present work, the substitution of Co (3d’) into LayMsAs30,
(M = Cu, Ni) should be hole-doped type, which is evidenced
by the expansion of ab-plane and the shrinkage of c-axis
above. In La;CusAs30;, the Ni-doping can induce a dome-
like T¢; while the Co-doping only kills the DW-like transi-
tion and then induces ferromagnetic phase transitions ~ 100 K
rather than superconductivity. Furthermore, we found that the
Co?" ions may exhibit unusual low-spin state (S = 1/2) un-
der this unique coordination. However, since the scattering
lengths of Co>* and Cu™ for x-ray are pretty close, we can-
not unambiguously identify which site the Co>* ions prefer-
entially occupy. For Lay(Ni;_,Coy)5As30,, the Co-doping
increases the As—As bond length a little bit from 2.63 A to
2.66 A, however, the increment is too small. It does not reach
the As1-As2 bond length of Lay(Cu;_,Ni, )5 As30, supercon-

ductor. Hence, the Co-doping does not induce superconduc-
tivity in the present work.

It is known that the Co-doping should not follow
the rigid band model like the case of Co/Ni/Cu-doped
BaFe,As,, 3132 where partial induced electrons are localized
around the dopant sites and do not contribute to the conduc-
tivity. Given the complex structural change like 40% kink in
Lay(Cuy_,Ni,)sAs3z0, and anisotropic change in thickness of
[LayO,]** layer and [Ms5As3]%>~ subunit, it is hard to recon-
cile the lattice variation with the simple electron counting.
The dependence of physical properties on Co/Ni doping in
LnyCusAs3Oy (Ln = La, Pr, Nd) should be more complicated
due to the variation of As—As covalent bonding status. De-
tailed structural analyses and low-temperature measurements
are needed to clarify the above two issues.

4. Conclusion

We have investigated the structure and low-temperature
property of Lay(M;_,Coy)5As30, (M = Cu, Ni; x = 0-0.7). It
is found that the doped Co ions induce simpler structural vari-
ation than those of Lay(Cu;_,Ni,)sAs30; because the As—As
bonding status barely changes. Furthermore, the Co-doping
induces a paramagnetic to ferromagnetic phase transition as
x > 0.4 in Lay(Cu;_,Co,)sAs30, and suppresses the struc-
tural phase transition at x = 0.6 in Lay(Ni;_,Co,)sAs30,. Un-
fortunately, all the doped samples are non-superconductive in
the temperature range of 2-300 K. From the view of As—As
bond, it demonstrates that the bonding states could determine
the crystal evolutions and influence the transport property.
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