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We report the effect of electron doping in binary transition metal-pnictide compound CrAs in polycrystalline
compositions (Crg gsTo.15)As (T = Fe, Co, Ni). Room temperature powder x-ray diffraction measurements show
that the impurity-free doped samples crystallize in the orthorhombic MnP-type crystal structure with space group
Pnma. Electrical resistivity p(T) data of all three compositions exhibit metallic behaviour with the room tem-
perature p of about 1 mQ cm, which is close to the values observed in single-crystal and polycrystalline samples

of CrAs. Magnetic susceptibility y(T) data of all three compositions show paramagnetic behaviour and show no
evidence any magnetic ordering down to 1.8 K. The p(T) and y(T) results collectively reveal that the antifer-
romagnetic ordering observed at Néel temperature Ty =~ 270 K in CrAs is absent in the doped samples.

1. Introduction

Transition metal pnictides are an important family of compounds
with several applications in photovoltaics [1], spin-dependent transport
[2] and optoelectronics [3] to name a few. The discovery of supercon-
ductivity (SC) in iron-based layered compound LaFeAsO;_,F, with
transition temperature (T.) of 26 K renewed interest in these materials
[4]. Subsequently, several families of iron-based superconductors were
discovered [5-7] with T, as high as 55 K in SmFeAsO; _,F, [8]. Charge-
carrier as well as co-doping studies played an important role in the
development of this field as the parent compounds of iron-based su-
perconductors are not superconducting. The common ingredient among
the different families of iron-based superconductors is the stacked
square lattice of Fe ions tetrahedrally coordinated by pnictogen (Pn)
ions, together constituting FePn layers. The dependence of T. on the
tetrahedral bond angle [9] as well as the height of the pnictogen from
the iron plane [10] suggest the importance of the environment around
iron on SC, which is altered by doping.

Binary CrAs is an interesting system as it exhibits an interplay be-
tween lattice and magnetic structures and SC, where a spin reorientation
transition induced by pressure results into anti-parallel alignment of
nearest neighbour spins in the vicinity of SC [11]. The compound ex-
hibits highly tuneable magnetic moment and its propagation vector
[11]. CrAs, which is structurally similar to binary FeAs, crystallizes in
the MnP-type structure and undergoes a first order antiferromagnetic
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(AFM) transition at Ty ~ 270 K [12,13] (also see supplementary mate-
rial). SC on the verge of AFM ordering was discovered in single crystals
of CrAs by the application of pressure [14]. The first order AFM tran-
sition is completely suppressed at critical pressure of about 8 kbar and
bulk SC with T, close to 2 K emerges, making it the first superconductor
among the Cr-based compounds. The phase diagram of CrAs [14] is
similar to that of other unconventional SC systems [5,15] in that the
onset of SC is in the vicinity of a quantum critical point (QCP) suggesting
that the AFM fluctuations near the critical pressure support unconven-
tional Cooper pairing.

While application of pressure allows a cleaner way of tuning of a
system from a high temperature ordered state to a critical point, it is
equally interesting to investigate the effects of doping as a tuning
parameter. Further, controlling the electron count through doping has
been successful in achieving SC in related iron-arsenides. Suzuki and Ido
[16] investigated Cr;_,M,As (M = Fe, Co, Ni, Ti, x <0.1) compounds to
understand the effect of doping of 3d metals on the crystallographic and
magnetic properties of CrAs. Approximate values of Ty of the samples
were determined by observing the temperature change of the lattice
parameters. It was suggested that magnetic ordering disappears at
dopant-dependent concentrations ranging between about 5 to 10 %. In
the present work, we investigate the structural, electronic and magnetic
properties of polycrystalline compositions (Crg gsTo.15)As (T = Fe, Co,
Ni) and attempt to compare the results with the parent CrAs. Our results
suggest that doping suppresses the AFM ordering observed at 270 K in
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CrAs as it evidently remains absent down to 1.8 K. We, however, do not
find any evidence of SC in these doped compositions.

2. Experimental techniques

Polycrystalline (Crg.g5T0.15)As (T = Fe, Co, Ni) were synthesized by
solid state reaction method using Cr (99.99 %), As (99.99999 %), Fe
(99.998 %), Co (99.998 %) and Ni (99.9 %) from Alfa Aesar as the
starting materials. Stoichiometric quantities of the starting materials
were powdered and pressed into a pellet, placed in alumina crucible and
sealed in a quartz tube under partial Ar pressure of about 0.25 atm. The
sealed tubes were placed in a furnace and heated from room tempera-
ture to 585 °C in 10 h and held at this temperature for 20 h. It was then
further heated to 620 °C in 5 h and kept at this temperature for 20 h,
after which it was furnace cooled to room temperature. The samples
were removed from tube, ground and pelletized again and annealed for a
second time using the same temperature sequence as above up to 620 °C.
It was then further heated to 1000 °C in 20 h and kept this temperature
for 25 h, following which the tubes were removed from the furnace at
600 °C. Single crystal growth of undoped and doped CrAs were also
attempted using the solution growth technique in Sn flux with the
sample to Sn ratio of 1:25 using the same high quality starting materials.
Stoichiometric quantities of the starting materials were placed in
alumina crucibles and sealed in quartz tubes under slight Ar pressure of
0.25 atm. The tubes were placed in a furnace and heated to 1100 °C in
20 h, kept at this temperature for 50 h, slow cooled in 120 h to 700 °C
and centrifuged. Needle-like single crystals of CrAs were obtained.
However, the attempts to grow single crystals for the Fe, Co and Ni
doped CrAs were unsuccessful. Room temperature powder x-ray
diffraction (XRD) measurements on the doped polycrystalline samples
were performed using a Rigaku Geigerflex powder diffractometer in
Bragg Brentano geometry using Cu-K, radiation. The diffractometer is
equipped with a graphite monochromator and a scintillation type de-
tector. Rietveld refinement was done using the FullProf package [17].
Four-probe temperature dependent electrical resistivity measurements
were performed using a Physical Properties Measurement System of
Quantum Design Inc. (QDI), USA. Temperature dependence of magnetic
susceptibility as well as field dependence of isothermal magnetization
were measured using a SQUID magnetometer of QDI.

3. Results and discussion

Fig. 1 shows the room temperature XRD pattern for (Crg gsFep. 15)As,
(Crp.85C00.15)As and (CrggsNig 15)As. Our results show that all three
compositions are in single phase with no detectable impurities. The
compounds crystallise in the MnP-type orthorhombic structure with
space group Pnma (SG No: 62). The refined unit cell parameters are
listed in Table 1. It is important to mention that while the binary NiAs
crystallizes in a hexagonal structure with space group P63/mmc (SG No:
194) which is different from the MnP-type orthorhombic structure
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Table 1

Structural parameters of polycrystalline (CrggsTo.15)As (T = Fe, Co, Ni). The
listed crystallographic parameters are the unit cell parameters a, b and c of the
MnP-type orthorhombic structure (Pnma, No: 62) for the three compositions.
The atomic positions of the transition metals T as well as that of As are also listed
together with the reliability parameters Rg, Rg and 2.

Parameter (Cro.gsFep.15)As (Cro.85C00.15)As (Cro.gsNig.15)As
a(A) 5.6166(2) 5.5885(3) 5.5884(6)
b (A) 3.4218(1) 3.4466(2) 3.4546(1)
c(A) 6.1990(2) 6.1812(3) 6.1918(2)
Ty 0.0065(3) 0.0041(4) 0.0041(4)
T, 0.25(0) 0.25(0) 0.25(0)
T, 0.2011(3) 0.2017(3) 0.2016(3)
As, 0.1999(3) 0.2012(3) 0.2012(2)
As, 0.25(0) 0.25(0) 0.25(0)
As, 0.5758(2) 0.5768(2) 0.5757(2)
Rp 3.74 3.72 4.42

Rgp 6.09 6.28 7.08

7 2.56 2.84 3.56

adopted by CrAs, FeAs and CoAs, it shows full solubility with CrAs as
evident by the clean XRD pattern observed for (Crg gsNig 15)As.

Fig. 2 shows the variation of lattice parameter a with Fe and Co
content x for the (Cr;.,Fe,)As and (Cr;.,Coy)As compositions. The linear
dependence of a on x is in accordance with Vegard’s law [18], which
affirms the solubility as well as the good quality of the materials.
Vegard’s law could not be tested for the Ni-doped CrAs composition as
the crystal structure of NiAs is different from the orthorhombic crystal
structure of (Crg gsNig 15)As.

The temperature T dependence of electrical resistivity p for the
(Cro.gsFep.15)As, (Crg.g5C0o0.15)As and (Crg gsNig 15)As compositions are
shown in Fig. 3. The p(T) of three compounds show metallic behaviour
with no evidence of any phase transition down to the lowest temperature
of our measurements. Apparently, the transition observed at Ty =~ 270 K
in CrAs [12,13] is suppressed in these doped compounds. The room
temperature p(T) of these compounds are ~ 1 to 2 mQ cm, which is
similar to the values obtained for the single crystal as well poly-
crystalline samples of undoped CrAs (see the supplementary material)
suggesting that these high-values are likely not related to the grain
boundary effects. Despite exhibiting metallic behavior at high temper-
atures, the p(T) of all three compositions are very different from that of
the parent binary compound CrAs. Unlike the quadratic temperature
dependence observed at low temperature in CrAs suggesting for a Fermi
liquid behavior below 15 K [19,20], the p(T) of (CrggsFep.15)As and
(Cro.85C00.15)As show anomalous features where they exhibit shallow
minima centred at 10 and 5 K, respectively, below which p increases
with the decrease in T [Insets Fig. 3(a) and (b)]. Small span of temper-
ature below the respective anomalies does not allow any meaningful
analysis, but apparently this behavior could originate from Kondo-like
effect due to the presence of small amounts of magnetic impurities in
the lattice [21].
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Fig. 1. Room temperature powder X-ray diffraction data of (a) (CrggsFe 15)As, (b) (Cro.g5C00.15)As and (c) (Crg.gsNig.15)As together with their Rietveld refinement

and difference profiles as well as the Bragg positions.
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Fig. 2. Variation of lattice parameter a with Fe and Co content x for (a) (Cry.xFe,)As and (b) (Cr;.,Co,)As. Solid lines are the guide to the eye. Error bars are smaller

than the size of the symbols.
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Fig. 3. Temperature T dependence of electrical resistivity p for (a) (Cro gsFep.15)As, (b) (Cro.85C00.15)As and (c) (Crg gsNip.15)As compounds. Solid red curves in (a)
and (b) are fits by equation (1). Insets in (a) and (b) show the minima observed in p at low temperatures.

The p(T) of (Crg.gsFeq.15)As and (Crg gsCop.15)As could be fitted with
the Bloch-Griineisen-Mott model given by [19];

p(T) =py+ pBG(T)*DTz- (€Y

ppg(T) is the contribution predicted by Bloch- Griineisen (BG) model
of conduction carrier scattering by longitudinal lattice vibrations in the
absence of umklapp processes [22]. According to the BG model, at high
temperatures (T > Og), where O is Debye temperature, py(T) is pro-
portional to T. However, the data p(T) of the (CrggsFep.15)As and
(Cro.85C00.15)As samples show negative curvature at high T. As a result,
the Mott interband sd-scattering term proportion to T° [23,24] was used
in eq (1) to fit the data to account for this negative curvature. The fit
parameters O and D for the (CrggsFeg 15)As and (Crg gsCog.15)As are
listed in Table 2. This model, however, could not be used to fit the p(T)
data of (Cro gsNig.15)As as they do not follow the expectations the BG
model at low temperatures that leads to a T° dependence. Instead, the
p(T) data of this composition show a nearly linear behaviour below ~50
K. This anomalous behaviour needs further investigations.

Fig. 4 shows the T dependence of magnetic susceptibility y for the
(Cro.g5Feq.15)As, (CrggsCog.15)As and (CrggsNig 15)As compounds. No
transition is observed down to the lowest temperature of measurement
(see also derivative plots of magnetic susceptibility in supplementary
material). The y(T) of the Fe-, Co- and Ni-doped samples exhibit a
monotonic increase with the decrease of T with a tendency to saturation

Table 2

Physical properties parameters of polycrystalline (Crg g5To.15)As (T = Fe, Co, Ni).
The listed physical properties parameters are Debye temperature ®r deduced
from resistivity p(T) data, coefficient D of T® term in p(T), Curie temperature 0,
Curie constant C, fit parameter y, and calculated effective moment yg.

Parameter (CrogsFeq.15)As (Cro.85C00.15)As (Cro.g5Nig.15)As
Or(K) 215.8(6) 127.6(1) -

D (Q em/K%) 1.84(1) x 10712 3.23(4) x 10712

Op(K) 60(15) —28(11) 66(24)

C (cm® K/mol) 0.5(1) 0.15(2) 0.011(4)
Zo(em®/mol) 0 8.1(3) x 107* 9.1(2) x 107*
Het (B) 2.0(2) 1.09(7) 0.29(5)

observed in Fe- and Co- doped compounds below about 15 K. These
features are entirely different from the y(T) of undoped CrAs where
latter undergoes an AFM ordering at ~270 K and then exhibits a
monotonic decrease with the further decrease of temperature (see sup-
plementary material). Additionally, the high-temperature y(T) data of
the Fe- Co- and Ni-doped compositions show Curie-Weiss (CW) like
behaviour above 100, 50 and 150 K, respectively, and were fitted using
the modified CW equation;

Cc
xX= m"‘lm ®))

where C is the Curie constant, 6, is the Curie temperature and y, is a
temperature-independent term which accounts for the contribution
from the inherent defects in the samples. Apparently below the tem-
peratures mentioned above, short range magnetic correlations start to
develop and as a result, the susceptibility deviates from modified CW
behaviour. The fit parameters are listed in Table 2 together with the
calculated values of the effective paramagnetic moment eff.

The positive ;, obtained for Fe- and Ni-doped compositions indicates
the dominance of ferromagnetic (FM) interactions in these materials
whereas the estimated negative value for the Co-doped sample infers the
predominance of the AFM interactions. The partial substitution of Cr by
Fe and Ni is equivalent to introducing an even number of extra electrons,
two and four respectively, in presumably highly hybridized transition
metal pnictide bands. On the other hand, substitution by Co contributes
three extra electrons. Apparently, the change in carrier density signifi-
cantly alters the balance of the underlying competing magnetic in-
teractions leading to a crossover of the dominance of FM interaction to
AFM with the variation of the dopant.

Fig. 5 shows isothermal magnetization M as a function of applied
magnetic field H measured at seven different temperatures between 1.8
and 300 K for (Crg gsFeg.15)As, (Crg g5C00.15)As and (Crg gsNig 15)As. The
M(H) data show a nearly linear variation of M with H at high temper-
atures (T > 100 K), but the data measured at low temperatures, roughly
below 50 K, exhibit a curvature. This behaviour is expected from the
paramagnetic spins when the magnetic energy yH becomes comparable
to thermal fluctuations kgT as described by Brillouin function (BF) [25].
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Fig. 5. Field dependence of isothermal magnetization M versus applied magnetic field H for (Crg gsFeg.15)As, (Cro.g5C00.15)As and (Crg gsNig.15)As compounds at

seven different temperatures. The M(H) data of the Fe-doped material at 5 and 10 K are not shown in (a) as they overlap with the 1.8 K data. Similarly,

the M(H) data

of the Co-doped material at 5 K are not shown in (b). The solid curves are fits to T = 1.8 K data by equation (3) as discussed in the text.

To explore it further, we fitted the M(H) data at T = 1.8 K of all the three
compositions using the expression,

gugH

it } 2, H, 3)

M(T, H) = fM,..B, {

where Bg is BF, My, = NagSug, f is the prefactor to the BF defining
the concentration of the paramagnetic ions and y, is the linear suscep-
tibility. To avoid over parametrization, we kept the value of f fixed at
0.15 and only varied two parameters y, and S and got reasonably good
fits to the data [Fig. 5]. The fitted values of the parameters y, in G em®/
mol & S, in that order, are the following for Fe-, Co- and Ni-doped
samples: 0.0126(3) & 0.441(6); 0.0041(6) & 0.056(2); 0.00213(3) &
0.0210(6).

4. Conclusion

A pure phase of polycrystalline materials (CrggsFeg.15)As,
(Cro.85C00.15)As and (CrggsNig15)As were successfully synthesized
without any detectable impurities. Temperature dependence of elec-
trical resistivity and magnetic susceptibility show no evidence of mag-
netic ordering down to the lowest temperature 1.8 K of our
measurements despite the sizeable values of magnetic interactions pre-
sent in the compounds. Apparently, the antiferromagnetic transition
observed at Ty ~ 270 K in undoped CrAs gets suppressed by low-doping
concentrations of Fe, Co and Ni. Interestingly, while we observe the
presence of predominant ferromagnetic interactions in the Fe- and Ni-
doped materials, the dominant interactions in the Co-doped material
are apparently antiferromagnetic in nature. The low-temperature re-
sistivities of the doped compositions are markedly different from the
parent correlated metal CrAs which exhibits Fermi liquid behavior.
Additionally, the resistivities of Fe- and Co-doped compound exhibit
minima below sample-dependent temperatures. The observed, minima
in these compounds correlate with the onset of saturation observed in

the magnetic susceptibilities, suggesting for a common origin of the two
phenomena. No superconductivity was observed. As superconductivity
emerges in the vicinity of antiferromagnetic interactions, samples with
lower dopant amounts may be investigated in the future. Additionally, it
would also be interesting to investigate the effect of hole doping intro-
duced by partial substitution of Cr by Sc, Ti and V.
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