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‘We report elastic neutron scattering and transport measurements on the Ni and Cr equivalently doped iron pnic-
tide BaFe,_,,Ni,Cr,As,. Compared with the electron-doped BaFe,_,Ni,As,, the long-range antiferromagnetic
(AF) order in BaFe, ,,Ni,Cr, As, is gradually suppressed with vanishing ordered moment and Néel temperature
near x = 0.20 without the appearance of superconductivity. A detailed analysis on the transport properties of
BaFe,_,Ni,As and BaFe,_,,Ni,Cr,As, suggests that the non-Fermi-liquid behavior associated with the linear
resistivity as a function of temperature may not correspond to the disappearance of the static AF order. From
the temperature dependence of the resistivity in overdoped compounds without static AF order, we find that
the transport properties are actually affected by Cr impurity scattering, which may induce a metal-to-insulator

crossover in highly doped BaFe, 7_,Ni3Cr,As,.
DOI: 10.1103/PhysRevB.91.094506

I. INTRODUCTION

A determination of the complex phase diagram in high-
transition (high-7,) temperature superconductors is the first
step to understand the mechanism of high-7, superconductiv-
ity [1-4]. In iron pnictides, the parent compounds exhibit a
tetragonal-to-orthorhombic lattice distortion below 7, and an-
tiferromagnetic (AF) order below Ty . While superconductivity
(SC) emerges upon sufficient electron/hole or isoelectronic
doping to the parent compounds such as BaFe,As; [5-8],
the gradual suppression of the orthorhombic lattice distortion
and AF order near optimal superconductivity suggests the
presence of a quantum critical point (QCP) hidden beneath
the superconducting dome, which may be responsible for the
anomalous normal-state properties and the high-7, supercon-
ductivity [9,10]. However, systematic neutron scattering (NS)
and x-ray diffraction(XRD) experiments on the electron doped
BaFe,_,Ni, As; [11-15] reveal that while 7; and Ty initially
decrease with increasing electron doping, their values saturate
near optimal superconductivity associated with an incommen-
surate AF order, resulting in an avoided magnetic QCP [16,17].
In particular, the short-ranged incommensurate AF ordered
phase near optimal superconductivity is consistent with a
cluster spin glass phase in the matrix of the superconducting
phase [18]. Similar conclusions are also reached from muon
spin relaxation (uSR) [19] and nuclear magnetic resonance
(NMR) measurements [20] on the BaFe,_,Co,As, family
of materials [21,22], while a separate NMR measurement on
BaFe,_,Ni, As, suggests the presence of a magnetic QCP at
x = 0.10 and a structural QCP at x = 0.14, both associated
with the non-Fermi-liquid behavior [23]. For isovalently
doped BaFe;(As;_,P,),, the quantum critical behavior has
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been reported near optimal superconductivity around x = 0.3
from transport and superfluid density measurements [24—
27]. However, recent neutron diffraction measurements show
coincident 7 and Ty in the underdoped regime, and the linear
extrapolation of the orthorhombic lattice distortion suggests
that structural QCP cannot exceed x = 0.28 doping [28].
Similarly, it is still unclear if there is a QCP in the hole-doped
Ba;_.K,Fe;As; [29]. To summarize, there is currently no
direct evidence demonstrating a gradual suppression of the Ty
and 7 to zero temperature with increasing doping inside the
superconducting dome. Moreover, it is unclear how magnetism
coexists and competes with superconductivity near optimal
doping. This is because the occurrence of superconductivity
tends to suppress the static AF order and orthorhombic lattice
distortion [16,17,19,21,22], thus complicating the ability to
determine the intrinsic nature of the AF order without the
influence of superconductivity.

One way to determine if there is indeed a magnetic QCP
upon suppression of the static AF order is to carry out
experiments on materials without superconductivity. For ex-
ample, transport and neutron powder diffraction experiments
on CeFeAs; _, P, O reveal the presence of a magnetic QCP near
x = 0.4 without superconductivity that is controlled by the
pnictogen height (the average Fe-As/P distance) away from the
iron plane [30,31]. Since impurity doping onto the FeAs plane
for iron pnictides will suppress superconductivity [32—40], it
will be interesting to find a system where one can gradually
reduce the AF order with increasing doping but without
inducing superconductivity. We have found that Cr impurity
doping into BaFe,_,Ni,As, is very efficient in suppressing
superconductivity without much affecting 7; and Ty of the
materials [41]; it would be interesting to carry out neutron
scattering NS experiments on these materials to determine
the evolution of the structural and magnetic phase transitions
in Cr-doped BaFe,_,Ni,As, system without the effect of
superconductivity.
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FIG. 1. (Color online) The electronic phase diagram of (a)
BaFe,_,Ni,As; and (b) BaFe,_,,Ni,Cr,As,. Upon cooling in both
systems, a structure transition from tetragonal (Tet.) to orthorhombic
(Ort.) lattice and a magnetic transition from paramagnetism (PM)
to antiferromagnetism (AF) occur at 7, and Ty, respectively. By
approaching the optimal superconductivity around x = 0.10 in
BaFe,_,Ni,As,, the long-ranged commensurate antiferromagnetism
(C-AF) degenerates into short-ranged incommensurate antiferromag-
netism (IC-AF). Inset shows the crystal structure.

In this paper, we report the NS and electric transport
studies on the Ni and Cr equivalently doped iron pnic-
tide BaFe,_,,Ni,Cr,As,. Compared with the pure Ni-doped
BaFe,_,Ni,As, system [Fig. 1(a)] [16-18], we find no
evidence for superconductivity while the static AF order is
gradually suppressed with increasing equal amounts of Ni and
Cr doping [Fig. 1(b)]. For x < 0.10, 7; and Ty are almost
the same as Cr free samples. Upon further increasing x, Ty
decreases continuously until it vanishes (within our sensitivity)
above T = 1.5 Kfor x > 0.20. From analysis of the resistivity
data at temperatures above Ty, we find no dramatic anomaly
for transport behavior around the AF zone boundary x = 0.20.
Similar resistivity analysis in BaFe, ,Ni,As, suggests possi-
ble non-Fermi-liquid behavior in the overdoped regime around
x = 0.15. By fixing Ni composition at x = 0.30, increasing
Cr doping may significantly affect the transport properties by
introducing Kondo or weak localization effects due to impurity
scattering, resulting in a possible metal-to-insulator crossover
in highly doped BaFe; 7_,Nig3CryAs; (y 2> 0.30). Our results
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suggest that the non-Fermi-liquid behavior determined from
transport measurement is not intimately associated with the
disappearance of magnetic order or lattice orthorhombicity,
and the impurity scattering is important to the transport
properties of iron pnictides.

II. EXPERIMENT

Single crystals of BaFe, ,,Ni,Cr,As, were grown by self-
flux method similar to BaFe, ,Ni,As, [41,42]. The in-plane
resistivity (o,5) was measured by the standard four-probe
method in a Quantum Design physical property measurement
system. All measured crystals were cut into rectangular
shapes 4 x 0.5 x 0.1 mm? with the ¢ axis being the smallest
dimension. Four Ohmic contacts with low resistance (less than
1 ©2) on the ab plane were made by silver epoxy. In order to
lower noises, a large current / = 5 mA and slow sweeping
rate of temperature (2 K/min) were applied. Measurements
on each doping were repeated on 3 ~ 5 pieces of crystals to
confirm the temperature dependence of p,;(7T) and reduce
uncertainty in estimation of the absolute resistivity due to
geometric factors. By directly comparing the temperature
dependence of resistivity at different doping concentrations,
we normalized the resistivity p,,(7) by the data at room
temperature (7 = 300 K).

We carried out elastic neutron scattering experiments using
the Rita-2 triple-axis spectrometers at Swiss Spallation Neu-
tron Source, Paul Scherrer Institute, Switzerland. To eliminate
the scattering from higher-order neutrons with wavelength
A/n(n > 2), a pyrolytic graphite (PG) filter before the sample
and a cold Be filter after the sample were used. The fixed final
energy was £y = 4.6 meV withawavelength A, = 4.2 A.The
collimation for supermirror guide after the monochromator
was 80, the radial collimator after the Be filter was about
150', and the effective collimation of the neutron-absorbing
guide after the analyzer was 40" for preventing cross talk
between the different detector channels. We also took data
on the x = 0.175,0.20,0.25 compounds using the TAIPAN
thermal neutron triple-axis spectrometer at the Bragg Institute,
Australian Nuclear Science and Technology Organization
(ANSTO). The PG filters were placed before and after the
sample. To get better resolution, the PG monochromator and
analyzer were set to the flat mode without collimation. The
fixed final energy was selected as E; = 14.87 meV (A, =
2.3 10\) or 9.03 meV (Ay =3 A). We define the wave vector
Q at (¢x. qy. q2) as (H.K.L) = (qua/2m.qyb/2m.q.c/27)
reciprocal lattice units (rlu.) using the tetragonal lattice
parameters a ~ b ~3.94 A, and ¢~ 12.90 A. For each
experiment, a single crystal with a mass of nearly 1 gram
was aligned to the [H,H,0] x [0,0,L] scattering plane. The
thickness of our sample is about 0.5 mm, and the neutron
absorption is negligible due to small neutron absorption cross
sections for all the elements.

III. RESULTS AND DISCUSSION

A. Sample characterization

We first describe the sample characterization of
BaFe,_,,Ni,Cr,As, single crystals. Figure 2(a) shows the
XRD patterns on one typical crystal BaFe; g9Nig ¢sCro.o5AS;.
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FIG. 2. (Color online) Typical patterns of x-ray diffraction on the
(a) as-grown single crystal, (b) polycrystal crushed from single crystal
of BaFe, 9Nig 05Crg 05 Asy, and (¢) flux powder of Fe; 9Nig ¢sCr o5 ASy.
The stars mark the peaks from residual flux in the crushed crystal.
For clarity, the intensity is normalized to [0, 1].

The sharp even peaks (00/) (I = 2,4,6,...) along the ¢ axis
with a narrow width of about 0.1° indicate the high crystalline
quality of our sample. The calculated c-axis parameter is
about 13.04 A for this sample, close to the parent com-
pound BaFe;As,. Figure 2(c) shows the XRD results for
Fey 9oNig.05Cro0sAs, powder, which is used as the flux in
crystal growth. The powder XRD measurement for crushed
crystals (polycrystal) was also carried out to check for possible
phase decomposition. As shown in Fig. 2(b), most of the
reflections could be indexed to the tetragonal structure with
a =b =3.93A atroom temperature, except for several small
peaks marked by stars from residual flux, which is very
common in the self-flux growth method.

To determine the real chemical compositions of our single
crystals, we selected several compounds with x = 0.10,
0.175, 0.20, 0.225, 0.25 for inductively coupled plasma
(ICP) analysis. The segregation coefficient, namely the ratio
between real concentration and nominal concentration, K =
Cy;/C; for Ni and Cr is about 0.84 and 0.71 in average,
respectively, which is consistent with previous reports on
BaFe,_,Ni, As, [15,41,42]. In order to quantitatively compare
with our earlier published results, we simply use the nominal
composition to represent all samples in this paper.

B. Antiferromagnetism

The antiferromagnetism was examined by neutron
diffraction measurements. Figure 3 shows elastic Q scans
along the [H, H,3] and [0.5,0.5, L] directions measured at the
Rita-2 triple-axis spectrometer. In order to directly compare
the magnetic intensity at each doping level and eliminate the
A/2 scattering, all data are normalized to 10* monitor counts
after subtracting the background scattering above Ty. There
is no magnetic intensity down to 7' = 1.5 K for the x = 0.20
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FIG. 3. (Color online) Q scans for the antiferromagnetic peak at
(0.5, 0.5, 3) along (a)—(c) [H,H,3] and (d)—(f) [0.5,0.5,L] at 2 K.
The black horizontal bars are the instrumental resolution determined
by using A/2 scattering from the (1,1,6) nuclear Bragg peak above
Ty without filter. All data are subtracted by the background above
Ty. The solid lines are Gaussian fitting results.

compound measured at the TAIPAN triple-axis spectrometer,
thus resulting zero net counts for Q scans [Figs. 3(c) and 3(f)].
The instrument resolution for the Rita-2 shown as horizontal
bars was estimated by using A/2 scattering from the (1,1,6)
nuclear Bragg peak above Ty without a filter, similar to the
calculated values of the instrumental resolution (Rg ~ 0.006
r.l.u. for [H, H, 3] direction, R; ~ 0.024 r.l.u. for [0.5, 0.5, L]
direction) [16]. Although the real instrument resolution may be
slightly larger than these values due to the supermirror guides
in the incident beam of the Rita-2 spectrometer, the difference
has a negligible effect on samples with different doping
levels measured at the same spectrometer. Experimentally,
we find that all magnetic peaks shown in Fig. 3 are nearly
resolution-limited and exhibit Gaussian distribution similar
to the resolution function, suggesting long-ranged magnetic
order in this system. The Gaussian fits to the peaks on zero
backgrounds are shown by solid lines in Fig. 3 by the function:
I = Iyexp[—(H — Hp)?*/(20%)] for [H, H, 3] scans, or
I = Iyexp[—(L — Ly)*/(20%)] for [0.5, 0.5, L] scans, where
the full width at half maximum (FHWM) is W = 24/21n20
in A=!. After the correction from instrument resolution and
Fourier transform of the Gaussian peaks from reciprocal
space to real space [16,43], we can obtain the spin-spin
correlation length Ebe = 8In(2)/v Wfl - R%, /(Znﬁ/a) =
2«/§1n(2)a/(7r\/8 In(2)o? — R%I) in A for in-
plane scans along Q=[H,H3], and ECAF =
81n(2)/v W2 — R? /27 /c) = 4In(2)c/(7v/8In(2)0? — R?)

in A for out-of-plane scans along Q = [0.5,0.5,L], where
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FIG. 4. (Color online) (a)—(d) Order parameter of antiferromag-
netism at Qar = (0.5,0.5,3). All data are subtracted by the back-
ground above Ty and normalized to 10* monitor counts. (e)—(h)
Order parameter of structure transition from neutron extinction effect
at Q = (1,1,0). All data are subtracted by the background above T
and normalized to 10° monitor counts.

the lattice parameters a ~ b ~ 3.94 A and ¢ = 12.90 A at
low temperature. Figure 6(b) presents the doping dependence
of spin correlation length in the ab plane &, and along the
c axes &.. Clearly, the spin-spin correlations at all doping
levels are larger than 400 A, suggesting the long-ranged
nature of the magnetic order. This is different from the
BaFe,_,Ni, As;, where the magnetic order becomes short
ranged when x > 0.08 before being completely suppressed at
x = 0.108 [open circles in Fig. 6(b)] [16,17].

The temperature dependence of the intensity at Qap =
(0.5,0.5,3) is shown in Figs. 4(a)-4(d), where the Néel
temperature 7y is marked by black arrows. For samples
with large x where an unambiguous determination of Ty is
difficult, we define Ty as the cross point between the linear
extrapolations of the decreasing part of the magnetic intensity
upon warming and the flat background at high temperature.
Here the data are also subtracted by the background above
Ty and normalized to 10* monitor counts. To determine
the possible magnetic order for samples with high doping,
we have co-aligned about 12 grams of the x = 0.20 and
23 grams of the x = (.25 samples and measured them at the
TAIPAN triple-axis spectrometer. After counting about one
hour for each temperature from 1.5 to 15 K in 1 K per step at
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Oar = (0.5,0.5,3), we find no evidence of static AF order for
x 2 0.20 [Fig. 4(d)]. The monotonically increasing intensity
below Ty for all magnetically ordered samples suggests that
the AF ordered phase is not competing with other phases.

To examine the structure transition temperature Ty, we
have measured the temperature dependence of nuclear Bragg
reflection at Q = (1,1,0). As shown in Figs. 4(e)-4(h), an
abrupt jump at 7 arises from the neutron extinction release
that occurs due to strain and domain formation related to the
orthorhombic distortion [44]. For the x = 0.10 sample, we
see a clear kink at 31 K corresponding to structure transition.
For compounds with x > 0.125, the extinction effect becomes
unobservable due to much weaker orthorhombic distortion.

In elastic NS, the nuclear peak intensity I and magnetic
peak intensity /), are determined by [45]

Iy = ANyQ27)?/ Vy x (IFn(Q))?/sin(20y), (1)

and

Iy = ANy Q27)*/ Vg x (IFu(Q)D*/(2sin(201)), ()

where the number of atoms in the magnetic unit cell is Ny, =
Ny /2 = 4, the volume of the magnetic unit cell is V; = 2Vy,
and Fy(Q) and Fy(Q) are the structure factor and magnetic
form factor at wave vector Q with scattering angle 26y and
20y, respectively. Here we have Fy(Q) = pS Y (—1)e'9,
where p = 0.2659 x 10™"2cm x g x fy(Q) with Fe** form
factor fy(Q) = Ae®Q"/167" 4 Beb Q' /167" | Cec Q167" 4 p,
S is the magnetic moment along wave vector Q, d is the
spacing of wave vector Q, and g factor is assumed to be 2.
The twinning effect from two kinds of magnetic domains is
taken into account in Eq. (2) by dividing the Lorentz factor
|Fy(Q)1?/sin(20y,) by 2. In principle, by comparing the
integrated intensity between the nuclear and magnetic peaks
in the form of Egs. (1) and (2), we can estimate the static
magnetic ordered moment via [16,46]

S = 0.067y/Ty sin 204 /Iy sin 205 | Fxl/| ful.  3)

Several factors have been carefully considered in such an
estimation: (1) The neutron absorption may suppress the
scattering intensity. In our experiments, we only use one
piece of crystal for each measurement, the thickness is about
0.5 mm and almost the same for different dopings. Since
our samples do not contain any elements with high neutron
absorption, the effect of neutron absorption is negligible.
(2) To reduce neutron extinction effect, we use two weak
nuclear peaks (1, 1, 0) (structural factor Fy = 1.31) and (0,
0, 6) (structural factor Fy = 8.63) above T for normalizing
magnetic peaks at Qar = (0.5,0.5,1) and (0.5,0.5,3). (3) To
obtain reliable integrated magnetic/nuclear scattering in triple-
axis NS experiments [45], we have carried out 8 — 20 scans
across the Bragg peaks. For samples with small mosaic
(our sample mosaic is about 20") [42], this is a reliable
way to obtain the integrated intensity. We can compare
magnetic scattering from different x as most of the experiments
are carried out using Rita-2 with identical experimental
setup.

Comparing the integrated intensity of magnetic peaks
at Qar = (0.5,0.5,1) and (0.5,0.5,3) and nuclear peaks at
0 = (1,1,0) and (0,0,6), we estimate the ordered moments for
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FIG. 5. (Color online) Temperature dependence of the normal-
ized order parameter M? vs T/ Ty for (a)~(d)BaFe,_,Ni,As, and
(e)-(h) BaFe, ,,Ni,Cr,As;.

samples with x = 0.025 — 0.175 in Fig. 6(a), where the values
are taken as the statistical average from different combination
of the scattering peaks, and the direction of the ordered moment
is simply assumed to be the same as the parent compound
BaFe,As,, namely the longitudinal direction Q = [H, H,0] for
tetragonal lattice [18,47,48]. The Cr doping enhances the mag-
netic ordered moment compared with those in BaFe,_,Ni, As,,
where the moments are suppressed by superconductivity at
low temperatures [16,41]. For high dopings with x = 0.20 and
0.25, the ordered moment M, if it exists, is less than 1073 /LB
at 1.5 K, which is out of the sensitivity of our measurements.
The detailed temperature dependence of the ordered moment
square M? (proportional to order parameters) for both systems
is summarized in Fig. 5. The M? vs T in both systems behave
similarly. The reduction of M 2 in BaFe,_,Ni,As, below T. is
due to the effect of superconductivity [16,17], which does not
appear in the nonsuperconducting BaFe;_,,Ni,Cr,As;.
Based on the doping dependence of T and Ty in this sys-
tem, we construct the phase diagram of BaFe,_,,Ni,Cr,As; in
Fig. 1(b). For comparison, we also show the phase diagram of
BaFe,_,Ni, As, in Fig. 1(a). We find that BaFe,_,,Ni,Cr,As;
behaves similarly to Cr free samples for x < 0.10. However,
the long-range AF order still persists for samples with 0.10 <
x < 0.175 and decreases with increasing x until vanishing
around x = 0.20. These results are clearly different from
the case in BaFe,_,Ni,As,, where both 7; and 7 saturate
around 30 K above optimal 7, = 20 K, and the magnetic
order disappears in a first order fashion around x = 0.108.
In addition, the Cr substitution successfully eliminated the
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FIG. 6. (Color online) Doping dependence of the (a) or-
dered moment M and (b) spin-spin correlation length &,r in
BaFe,_,,Ni,Cr,As, and BaFe,_,Ni As,.

superconducting dome and short-ranged magnetic order in
the BaFe,_,Ni,As, system, which causes the avoided QCP
around optimal superconducting doping x = 0.10. These
results suggest that Cr doping is an effective way to study
magnetism in iron pnictides without the complication of
superconductivity.

C. Resistivity

We now discuss the in-plane resistivity measurements for
all doping levels of BaFe,_,,Ni,Cr,As,. Figure 7 shows the
normalized resistivity p,(T)/ pa»(300 K) from 2 to 300 K for
x = 0-0.30. No superconductivity is found down to 2 K for
all x [41]. The temperature dependence of p,,(T) is metallic
in the paramagnetic state, and the upturns at low temperatures
for lightly doped samples are attributed to the structure and
magnetic transition, while the small kink for x > 0.2 may be
from impurity scattering. To fully understand the behavior of
pap(T) in the paramagnetic state, we first perform a global
fit for the data from 7; 4+ 20 to 300 K by the empirical
model [16,23,27,49,50]:

p=po+ AT", 4

where pg is a constant, A is amplitude, and #n is the exponent.
Typically, a n = 2 power law is expected of a Fermi liquid,
while a n < 2 power law means non-Fermi-liquid behavior,
and a QCP usually corresponds ton = 1 as a function of tuning
parameter such as doping, pressure, or magnetic field [27,50—
52]. In most cases, such fits are performed at low temperature
for the domination of electron-electron interactions. However,
due to the limited effects on the Debye temperature from Ni
or Cr doings less than 15% in the system [53], it is reasonable
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FIG. 7. (Color online) Temperature dependence of in-plane re-
sistivity (normalized by the data at 300 K) for BaFe,_,,Ni,Cr, As,.
The black solid lines are global fitting results by the model: p =
po + AT" up to 300 K in the normal state.

to roughly compare the exponent n up to 300 K for different
doping with similar contributions from phonon.

The fitting results are shown in solid black lines in Fig. 7.
Similar analysis is also done for the BaFe,_,Ni,As; system,
as separately shown in Fig. 8, and agree with the original data
very well. The exponent n from global fits for different x is
summarized in Fig. 9(a). The non-Fermi-liquid behavior with
n < 2 in BaFe,_,Ni,As,, occurs above x = 0.05, concurrent
with the appearance of doping induced superconductivity. The
value of n at x = 0.15 reduces to about 1.5. Upon doping in
BaFe,_,,Ni,Cr,As,, n continuously decreases with increas-
ing x and saturates to around 1.4 for x > 0.20. Therefore,
although the Cr impurities have quite limited effects on 7
and Ty except for suppressing superconductivity, the normal
state transport properties are different from pure Ni-doped
material. We note that the minimal » in BaFe,_,Ni, As, is 1.5
in the overdoped regime, different from the expectation of a
standard QCP point. This is consistent with neutron diffraction
and XRD results of no QCP near optimal superconductiv-
ity [16,17]. Similarly, there is also no dramatic anomaly in n at
any doping level of BaFe,_,,Ni,Cr,As;, consistent with the
absence of a QCP near x = 0.20, even though the Ty of this
compound is indeed below 2 K.

To exclude the phonon contributions at high temperatures,
an alternative way of analyzing resistivity data is to simply
deduce the temperature dependence of n from the slope of the
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FIG. 8. (Color online) Temperature dependence of in-plane re-
sistivity (normalized by the data at 300 K) for BaFe, ,Ni,As,. The
black solid lines are global fitting results by the model: p = py + AT"
up to 300 K in the normal state.

curve In(p,, — po) as a function of In T using Eq. (4). Here
the py is determined by local fits from 7; 4+ 20 K to 75 + 70
K. Such a process requires high quality data of p,,(T).
Figures 9(b) and 9(c) show the temperature and doping
dependence of n in the whole phase diagram. The outcome
further confirms the global fitting results in Fig. 9(a), where
the n < 2 behavior mainly exists in BaFe, ,,Ni,Cr,As;
over x = 0.10 and in the middle zone with 0.10 < x < 0.20
of BaFe,_,Ni,As,, respectively. We note that the features
in Fig. 9(b) are similar to the BaFe,(As;_,P,), system
where the presence of a QCP has been suggested [9],
although BaFe,_,Ni,As; is in the paramagnetic state above
x =0.108 [17].

D. Impurity effect

By successfully eliminating the superconducting dome in
BaFe,_,Ni, As, via doping equivalent Cr and Ni, we obtain
a simple phase diagram in the BaFe,_,,Ni,Cr,As; system,
where the Ty of the material is systematically suppressed to
below 2 K around x = 0.20. Usually, such a phase diagram
would be a strong indication for a magnetic QCP, since the spin
correlation length of the AF ordered phase is long ranged for all
doping levels. However, the transport properties of the system
reveal no anomaly typically associated with a QCP. Future
inelastic NS experiments for samples near x = 0.20 should be
able to determine if energy and temperature are scaled, as is
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nent n for BaFe,_,Ni, As, and BaFe,_,,Ni,Cr, As,, respectively.

the case for a magnetic QCP [54]. From the results in Figs. 1
and 9, one could argue that the non-Fermi-liquid behavior
may not be intimately associated with the disappearance of
magnetic order in these systems. On the other hand, for a
multiband material such as iron pnictides, it is not clear if
transport measurements alone can indeed prove the presence
of a QCP. By introducing Cr impurity into BaFe,_,Ni,As;
to remove superconductivity, the original magnetic phase
boundary has been changed possibly due to the impurity effect
of Cr doping. Even in the Cr free samples, the Ni doping can
cause anisotropic transport properties [55-57].

PHYSICAL REVIEW B 91, 094506 (2015)

1.010 F B x=0.175 ® x=020 b
L A x=0225 w x=0.25 (03 J

—_ [ x=0.275 4 x=0.30 ~ ]
(7] F 3
= 1.008 F S 002 ¢
c [ o= L]
3 o .
o 1.006f 0oy @ .
E 0.15 0.20 0.25 0.30
~ Cr doping x
o 1.004 |
—
=
=~ 1.002 |
Q

1.000 ABs

10 12 14 16

2 4 6 8
Temperature (K)

FIG. 10. (Color online) Logarithmic temperature dependence of
resistivity for the compounds with x = 0.175-0.30. For clarity, all
data are normalized by the resistivity at the kink temperature px . The
solid lines are fitting results by Eq. (5).

To better understand the effect of impurity scattering, we
note the presence of a small upturn in p,;(7") below 10 K even
in the highly doped compounds without AF order. Because
the Cr ion is magnetic, by doping Cr impurity into a metallic
system, additional Kondo scattering may be induced. If this
is indeed the case, one may expect a logarithmic dependence
of p(T') at low temperature, since the temperature dependence
of the resistivity including the Kondo effect can be written as:
o(T) = po+ AT? + CIn(Tx/T) + BT?, where A, B, and C
are constant, and Tx is Kondo temperature [58]. Moreover,
a weak localization effect induced by local impurity in the
two dimensional electron system may also give rise to a
In T dependence of resistivity at low temperature [59], which
is common in the chemical substituted copper-oxide high
temperature superconductors [60]. Interestingly, by plotting
the normalized resistivity below 10 K in the logarithmic axis
of temperature in Fig. 10, we have found a well defined linear
region of p(T') as a function of In T for x > 0.175. We then fit
the data by the formula:

o(T) = po+ AT" + CIn(Tx /T), &)

where Tk is fixed as the kink temperature of p,,(T), namely,
the sign change in temperature of dp,,/d T . The fitting results
as shown by solid lines in Fig. 10 agree very well with the
data, and an increase of normalized C/px upon doping x is
found (inset of Fig. 10). Thus the impurity scattering may be
proportional to the Cr doping level x. To further confirm this
idea, we then fix the Ni concentration as x = 0.30 and change
Crfromy = 0toy = 0.8 in the BaFe; ;_,Nig3Cr,As; system.
The normalized in-plane resistivity is show in Figs. 11(a)
and 11(b). For small Cr impurity with y < 0.2, the samples
are metallic. Starting from y = 0.3, a clear upturn in p,,(T)
emerges and diverges quickly at low temperatures, finally
dominating in the whole temperature range up to 300 K for
y = 0.8, suggesting a metal-to-insulator crossover in high Cr
impurity doped compounds. The color mapping of dp,,/dT
in Fig. 11(c) confirms this conclusion, where the blue zone
marks the negative dp,;/dT .
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FIG. 11. (Color online) (a) and (b) Temperature dependence of
in-plane resistivity for BaFe, 7_,Nig 3Cr, As, with different Cr doping
y. The black solid lines are fitting results by Eq. (5). (c) The gradient
color mapping for the temperature and doping dependence of the first
order differential of resistivity dp,,/dT of BaFe;;_,Nig3Cr,As,,
where the sign change temperature (kink temperature) Tx marks the
zone boundary between the metallic and insulating state.

We also fit the resistivity data using Eq. (5) and obtain the
parameters shown in Fig. 12. It seems that C steeply grows
up after x = 0.3 for strong impurity effects. Surprisingly,
the exponent n almost linearly decreases from about 2 to
less than 1 and finally increases back to around 2. Such
abnormal behaviors are similar to the Cr-free BaFe,_,Ni, As;
system in a different way of ionic substitutions. Thus it
strongly suggests the impurity scattering cannot be ignored
in the transport properties in these materials, which may also
affect the interpretation of the resistivity data. Therefore, the
non-Fermi-liquid feature associated with n < 2 may be not a
direct evidence for the presence of a magnetic QCP.

IV. CONCLUSIONS

In conclusion, we use elastic neutron scattering and
electric transport to study the antiferromagnetic and param-
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FIG. 12. (Color online) Doping dependence of fitting parameters
C/p(300K) and n from Fig. 11.

agnetic state behaviors of nonsuperconducting iron pnictide
BaFe;_,,Ni,Cr,As;. We find that the long-range AF order
terminates at x = 0.20 with a systematic decrease of ordered
moment and Néel temperature with increasing x. Although
the resistivity results suggest non-Fermi-liquid behavior above
x = 0.10, there is still no direct evidence for a magnetic QCP,
while the transport properties are significant affected by Kondo
scattering or weak localization effect from Cr impurity.
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