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We present a systematic study on the heavily Cr doped iron pnictides BaFe;q «Nig;CryAs, by using
elastic neutron scattering, high-resolution synchrotron x-ray diffraction (XRD), resistivity, and Hall transport
measurements. When the Cr concentration increases from x 0 to 0.8, neutron diffraction experiments suggest
that the collinear antiferromagnetism persists in the whole doping range, where the Néel temperature Ty coincides
with the tetragonal-to-orthorhombic structural transition temperature Ty, and both of them keeps around 35 K. The
magnetic ordered moment, on the other hand, increases within increasing x untilx 0.5, and then decreases with
further increasing x. Detailed refinement of the powder XRD patterns reveals that the Cr substitutions actually
stretch the FeAs, tetrahedron along the c axis and lift the arsenic height away from the Fe-Fe plane. Transport
results indicate that the charge carriers become more localized upon Cr doping, then changes from electron type

to hole type around x

0.5. Our results suggest that the ordered moment and the ordered temperature of static

magnetism in iron pnictides can be decoupled and tuned separately by chemical doping.

DOI: 10.1103/PhysRevB.98.014512

I. INTRODUCTION

Unconventional superconductivity (SC) emerges in the iron
pnictides after suppressing the three-dimensional antiferro-
magnetic (AF) order by chemical doping or high pressure
[1-5]. Understanding the nature of magnetism is therefore
one of the most important issues to reveal the mechanism
of superconductivity in these fascinating materials. In one
of the typical parent compounds, BaFe,As,, a stripe type
AF order with collinear structure is formed, where the
magnetic moments are aligned along orthorhombic a axes
at low temperature [Fig. 1(c)] [6-9]. For the electron doped
BaFe, \TMAs; (TM  Ni or Co) system, the long-ranged
AF order changes to a short-ranged incommensurate magnetic
order and disappears at a finite temperature just before reaching
the optimal superconductivity [10-21]. For the hole-doped
Ba; (AxFe;As; (A Kor Na) system, a new type AF order
with C4 rotation symmetry interrupts the stripe magnetism
in the underdoped regime [10,22-25]. For the isovalently
doped BaFe,(As; xPx), system with less impurity effects,
the long-ranged AF order also vanishes in a weakly first-
order fashion near the optimal doping [26-29], similar to
the electron doped case. Moreover, superconductivity also
emerges in 4d and 5d metal (e.g., Ru, Rh, Pd, Ir, Pt) doped
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compounds [30-33]. However, the substitution of iron by other
transition metals like Cu, Cr, and Mn into BaFe,As,, does not
induce any superconductivity but only suppress the collinear
AF order [15,18,34-40]. Particularly in Cr and Mn doped
compounds, the ordered moments align along the c axes with
a checkerboard pattern for heavily doping levels, the so called
G-type AF order [8,18,37,38,40]. For iron pnictides with a
superconducting dome, the magnetically ordered temperature
(Néel temperature) Ty is strongly associated with the ordered
moments M. Both of them are suppressed upon doping, where
M is reduced further upon entering the superconducting state,
and finally disappears around the optimal doping with finite
Ty above the superconducting transition temperature (T.),
resulting in an avoided quantum critical point (QCP) due to
strong competition between SC and AF order [5,8]. Similar
behavior is also found in the electron doped NaFe; (TM; As
(TM Co, Ni, Cu) system [41-44]. To understand the
underlying physics of the magnetism as well as the phase
diagram in the iron pnictides, one feasible way is to tune Ty and
M separately without the influence from superconductivity.
Indeed, in the nonsuperconducting BaFe, (CryAs; system,
low Cr dopings only suppress Ty in collinear AF order but
keep M almost the same as the parent compound until entering
the G-type AF regime [37].

In our previous study, we show that Cr is an ideal dopant
to suppress superconductivity in the BaFe, (NixAs, sys-
tem, where about 1.5% Cr will totally eliminate the optimal
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FIG. 1. (a) Phase diagram for BaFe; 9 yNig;CryAs, determined
by neutron diffraction experiments. The PM Tet. and AF Ort. are
paramagnetic tetragonal and antiferromagnetic orthorhombic phases,
respectively. T., T, and Ty mark the superconducting transition
temperature, structural transition temperature, and Néel temperature,
respectively. (b) Cr doping dependence of the effective ordered
moment. The insets show schematic band structure and Fermi level
below and above x  0.5. (c¢) Crystalline and magnetic structure of
BaFe;As; in orthorhombic phase. (d) Schematic view for As-Fe-As
bond angles in iron pnictides.

superconductivity in x 0.1 compound [45]. Only long-
ranged AF order is found at low temperature in the Cr and
Ni co-doped system BaFe, »xNixCrxAs; (x < 0.2) [46]. Here
we further push the Cr doping to much higher level than 5% in
the optimal superconducting BaFe| ¢Nig j As, compound, and
study the magnetism in a large range of the phase diagram
for BaFe; ¢ xNigpCrxAs; (0 < x < 0.8) by neutron diffrac-
tion experiments. Unlike the pure Cr doped BaFe, (CryAs;
system [36,37], the collinear AF order persists in the
whole explored doping range with quite similar Ty ~ 35 K
in BaFe; 9 xNig ;CrxAsy, no G-type AFis found untilx 0.8
[Fig. 1(a)]. Surprisingly, the ordered moment M strongly
depends on the Cr doping, reaching a maximum at x 0.5
[Fig. 1(b)]. Further high resolution x-ray diffraction (XRD)
measurements reveal that the Cr substitutions actually stretch
the FeAs, tetrahedron along the c axes and lift the arsenic
height [Fig. 1(d)]. Transport results also reveal that the charge
carriers become more localized upon Cr doping, and change
fromelectron typetoholetypeabovex  0.5.Therefore, while
the magnetically ordered temperature Ty is mostly determined
by the local exchange couplings within the ab plane, the
effective static moments can be tuned by the arsenic height
and Fermi surfaces.

II. EXPERIMENT DETAILS

High-quality single crystals of BaFe ¢ xNigCriAs;
were grown by the self-flux method similar to our pre-
vious reports [45-47]. The polycrystalline samples of
BaFe; 9 xNigCryAs, for XRD experiments were ground
from the same batch of the single crystals used in neutron
diffraction experiments. The real doping level of Ni and Cr
was checked by inductively coupled plasma (ICP) analysis.
The actual and nominal doping levels of both Ni and Cr have

linear relationships with the ratios about 0.8 and 0.7 (Table 1),
respectively, consistent with our previous reports [45-48]. We
simply use the nominal composition to represent all samples
in this paper for easy comparison with our earlier published
results.

XRD measurements of single crystals were carried out on
a Mac-Science MXP18A-HF equipment with wavelength of
1.54 A at room temperature. Synchrotron XRD measurements
of polycrystal were performed with wavelength of 0.413 A at
beamline 11-BM-B, Advanced Photon Source (APS), Argonne
National Laboratory. All the polycrystalline samples were
diluted by the amorphous silicon dioxide (SiO,) with ratio
of 1:2, and sealed into capillaries with a diameter of 0.3 mm.
The capillary was rotated during the measurement to average
intensity and reduce the preferred orientation effect. The slew
scanrange was from  6° to 28° with a very small step of 0.001,
which enabled us to obtain the high precision and accuracy
data over a 26 range from 0° to 50° based on 12 independent
detectors.

Elastic neutron scattering experiments were carried out at
the RITA-II cold neutron triple-axis spectrometer at Swiss
Spallation Neutron Source, Paul Scherrer Institute, Switzer-
land. The fixed final energy was Ey 4.6 meV with the

wavelength of Ay 4.2 A. To eliminate the scattering from
higher-order neutrons with wavelength A/n(n > 2), a py-
rolytic graphite (PG) filter before the sample and a cold Be filter
after the sample were used. The wave vector Q at (qx, qy, q,)
was defined as (H,K,L) (qxa/2m, gyb/2m, q,c/2m) in
reciprocal lattice units (r.l.u.) using the orthorhombic lattice
parameters a ~ 5.61 A, b~ 5.59 A, and ¢ ~ 13 A. For each
doping, a single crystal with amass of nearly 0.5 g were aligned
to the [H, 0, 0] [0, O, L] scattering plane. The thickness of
our sample for neutron scattering was about 0.5 mm, and
the neutron absorption was negligible due to small neutron
absorption cross sections for all the elements.

The in-plane resistivity (p,,) was measured by the standard
four-probe method with the Physical Property Measurement
System (PPMS) from Quantum Design. A large current (5 mA)
and slow sweeping rate of temperature (2 K/min) were applied
to lower the noise. To compare the temperature dependence of
resistivity at different doping concentrations, we normalized
the resistivity p,,(T ) data at room temperature (T 300 K).
The in-plane Hall resistivity (py,) was measured by sweeping
the magnetic field at several fixed temperatures. In order to
remove the asymmetric electrodes effect and possible mag-
netoresistance from the sample, the polarity of the magnetic
field (H || c) was applied from negative to positive during
the measurement, where py (B)  [oxy( B) o ( B)I/2.
Further Hall coefficient was obtained from the Hall resistivity
after considering the geometry of the sample and electrode
contacts. Moreover, the room temperature (300 K) Seebeck
coefficient was measured by a homemade system.

1II. RESULTS
A. Neutron diffraction

We first present our neutron diffraction results. Since the
results for x 0 and 0.1 dopings have been already reported
in our previous paper [17,19,46], we won’t repeat them here.
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TABLE I. Summary of real composition of BaFe, ¢ «Ni;CryAs; single crystal from ICP analysis, the estimation of the correlation length
from Q scans at (1, 0, 1) and (1, 0, 3), the effective ordered magnetic moment for the collinear AF order, the profile factors R, Ry, , and reduced

x? of refinements for all samples at 12 K. The data of &y, & and ordered moment of x

0.1 is extracted from Ref. [46].

& Moment

Xnom Ba:Fe:Ni:Cr:As A) ( B) R, Ryp x2

0.05 0.98:1.86:0.08:0.04:2 475(151) 435(122) 0.036(32) 6.43% 7.95% 1.538
0.1 1.00:1.82:0.08:0.06:2 780(80) 530(20) 0.041(37) 6.09% 8.35% 2.463
0.2 0.98:1.76:0.08:0.14:2 754(221) 452(78) 0.094(46) 6.11% 7.73% 1.824
0.3 0.98:1.68:0.08:0.20:2 426(64) 657(72) 0.213(59) 6.74% 8.32% 1.490
0.4 0.98:1.60:0.08:0.26:2 741(172) 795(101) 0.313(61) 6.42% 8.44% 2.150
0.5 0.98:1.55:0.08:0.34:2 576(78) 806(175) 0.452(61) 5.8% 7.47% 1.766
0.6 0.98:1.50:0.08:0.42:2 669(176) 829(186) 0.379(28) 6.67% 8.42% 2.135
0.7 0.98:1.40:0.08:0.50:2 412(45) 578(97) 0.159(31) 5.58% 7.23% 1.341
0.8 0.98:1.36:0.08:0.56:2 346(56) 405(47) 0.109(31) 6.77% 9.15% 2.598

Figure 2 shows the Q scans for typical collinear AF peaks
around Q (1,0,1)and (1,0,3)atT 2K forx 0.05,
0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8. Both scan directions along
H and L are applied in our experiments. The instrumental
resolutions marked as horizontal bars are obtained using A /2
scattering from the (2, 0, 2) and (2, 0, 6) nuclear Bragg peak
above Ty without filter, e.g., forQ  [H, 0, 1]and [1, O, L] of
samplewithx  0.3,Ryg ~ 0.014r.Lu.,andRy, ~ 0.025r.Lu.,
respectively, very similar to our previous experiment at Rita-II
spectrometer [17,46]. All raw data of Q scans are subtracted
by the flat background above Ty, and normalized to per 10*
monitor counts. For clarity, each curve is shifted upward by a
constant, and multiplied by a ratio to scale with each other as
indicated in the figure. We then fit the magnetic Bragg peaks
by a flat Gaussian function I ~ Igexp[ (H Hg)*/ (202)]
or I Ipexp[ (L L)*/ (20%)]. The full-width at half-
maximum (FHWM) W 24/2In20 is very close to the
instrument resolution. The broadening peak along [1, 0, L]
for x 0.6 is due to an accidental large sample mosaic. The
spin-spin correlation length & in the ab plane and along the
¢ axes are calculated by using the published method [17,46],
and listed in Table 1. For all compositions, both &,1, and & are
lager than 300 A, indicating that the collinear AF order is long
ranged for all Cr dopings above x  0.05 [37,46].

In elastic neutron scattering, the intensity of the magnetic
Bragg peak is proportional to Fyp(Q) 2L, where L is the
Lorentz factor, and Fy(Q) is static magnetic structure factor
[49]. For a Q scan in triple-axis neutron scattering experiments
on a single crystal, the Lorentz factor is determined by [50,51]

1 C
N4/Bo

M22 SiIle[)l/z, (1)

My, cos’a  2Mj,cosa sina

where C and B, depend on instrument parameters, Mj; and
N are functions of scattering angle 6y, and « is the angle
between the wave vector Q and the scan direction. For 6-20
scans,wehavea  O,thusL 1/ sin(26y) [50]. For H scans
in our case (closed to 6-26 scans), the Lorentz factor could be
regarded as

L ' sin(26y)Ry. )

Here Ry is a modifying factor from Eq. (1) and determined
by instrument resolution and scan directions, which is about
0.92 and 1.1 for the H scan at Q (1,0, 1) and (1, 0O, 3),
respectively. The magnetic structure factor can be expressed as
Fm(Q)  (yro/2)gf m(Q)Ssinn Y (1 1)'e'4, where y is the
gyromagnetic ratio, r is the classical electron radius, fy(Q)
is the magnetic form factor, S is the spin amplitude, and 7 is
the angle between the spin S and wave vector Q. Therefore, the
intensity ratiobetweenQ (1, 0, 1)and (1,0, 3) is determined
by the following equation:

f Moy 2Rucios) sin(260m(103)) sin® neon)
f mc103) 2Rumcion sin(260mion)) sin® neios)

Imcion

3)

Imo03)

The difference of the form factor between Fe? and Cr* is
negligible, we have fy01y 091 and fyo3)  0.81 cal-
culated from their d spacings [17,46]. Considering the or-
dered moment in the collinear antiferromagnetism is along a
axes [13] and the neutron wavelength Ay 4.2 A, we have
HM(IOI) 24.2:, 9M(103) 37.90, 1(101) 23.30, and 1(103)
52.3°. Then the final intensity ratio is about In101)/ Inm(103)
0.49, with two times more intensity for the magnetic peak
atQ (1,0,3) than Q (1,0, 1) [8]. Indeed, the statistic
of Inmciony/Imcio3) from all the raw data in Fig. 2 is about
0.45 0.04, which is consistent as the expectation within
experimental error. This indicates that the collinear antifer-
romagnetic structure has not been changed in these samples.
It should be noticed that the magnetic moments turn to
along ¢ axes by forming G-type AF order in the heavily Cr
doping BaFe, xCrxAs; (x > 0.6) with a wave vector Q
[H, H, H] in orthorhombic lattice [37,38]. However, in our
BaFe; 9 «xNip CryxAs, samples with x 0.7 and 0.8, we did
not find any elastic magnetic scattering at Q (1, 1, 1) by
counting 10 times more than Q (1, 0, 1). Perhaps the 5%
Ni doping push away from the G-type antiferromagnetism to
higher Cr doping in the phase diagram. Due to the mixed signal
between magnetic and nuclear scatteringatQ (1, 1, 1)in G-
type AF order, further polarized neutron scattering experiments
are desired to clarify this issue [37].

Similarly, the intensity of the nuclear Bragg peak is propor-
tional to Fx(Q) 2L, where Fy (Q) is the structural factor, and
the Lorentz factor L 1/ sin(26x )Ry for nuclear scattering
angle Oy [forH scanaround Q  (2,0,2), Ry  0.91]. After
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FIG. 2. Q scans for the antiferromagnetic peaks at (1, 0, 1) along (a) [H, 0, 1] and (b) [1, 0, L], and (1, 0, 3) along (c) [H, 0, 3] and (d)
[1,0,L] at 2 K. All data are subtracted by the background above Ty and normalized to per 10* monitor counts. For clarity, each peak is

multiplied by a ratio shown in the figure and shifted upward by 200 per step for L
are Gaussian fitting results. The horizontal bars are the instrumental resolution at Q

1, or 300 per step for L 3, respectively. The solid lines
(1,0, 1) and (1, O, 3) determined by using A /2 scattering

from the (2, 0, 2) and (2, 0, 6) nuclear Bragg peak above Ty without filter, respectively.

considering the twinning effect from the magnetic domains,
and comparing the intensity of H scans between the magnetic
peaks at Qar (1,0, 1), (1,0, 3) at 2 K and nuclear peaks at
Q (2,0,0), (2,0, 2) below T, we then estimate the static
magnetically ordered moment via [17,19,46,52]

S 0.067/TyRy sin20y/RyIn sin20n Fx / fy . (4)

The error bars of the magnetic moment are determined by the
standard deviation of statistics among the four case combina-
tion of this calculation including the measurement uncertainty
of peak intensities. By using the nuclear peak intensities
above T instead may slightly change the obtained values, but
overall the differences are within error bars. Surprisingly, the
static moment nonmonotonically depends on the Cr doping
with a maximum at x 0.5 with 0.452 0.061 . For
comparison, the cases for x  0.05 and 0.8 only show small
ordered moment with 0.036  0.032 and 0.109 0.031 g,
respectively (Table I).

To determine the magnetically ordered temperature (Tx),
we have measured the temperature dependence of the magnetic
Bragg peak intensity at Q ag (1, 0, 3). The results are shown
in Fig. 3(a), where the AF order parameter is proportional
to the square root of the magnetic peak intensity, and Ty is
defined as the cross point between the linear extrapolations
of low temperature AF order parameter and high temperature
flat background. For clarity, all data are also normalized to 10*
monitor counts and shifted upward by 300 after multiplying the
same coefficients in Figs. 2(c) and 2(d). Although the intensity
highly depends on the Cr doping due to the variation of ordered
moment, the Néel temperature Ty is almost the same, only
ranging from 30 to 35 K. The orthorhombic-to-tetragonal
structural transition temperature Ty can be measured from
the temperature dependence of the nuclear peak intensity at
Q (2,0,0) due to the neutron extinction release related to

the lattice distortion [53-58], as shown in Fig. 3(b). For Cr
doping with x < 0.5, we have observed coinciding T; and
Tn, suggesting strong magnetoelastic coupling in this system
[19,59]. The huge structural factor and strong intensity of
the Bragg peak for higher Cr doping levels makes it difficult
to figure out the structural transition via extinction effect.
However, due to the breaking symmetry of O(3)Z, in the
collinear AF structure, the in-plane rotation symmetry changes
from C4 to C,, the lattice must form a orthorhombic phase
below Ty to stabilize the magnetism [5,8,60].
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FIG. 3. (a) Temperature dependence of the magnetic peak counts
atQar (1,0, 3). All data are subtracted by the background above
Ty and normalized to 10* monitor counts. For clarity, each curve is
multiplied by a ratio shown in the figure and shifted upward by 300
per step. (b) Intensity enhancement from neutron extinction release
effectatQ (2, 0, 0). All data are subtracted by the data above T, and
normalized to 10* monitor counts. For clarity, each curve is multiplied
by a ratio shown in the figure and shifted upward by 500 per step.
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By summarizing the structural transition temperature T,
magnetic transition temperature Ty, and superconducting
transition temperature T, we plot the phase diagram of the
BaFe; 9 xNip CrxAs, in Fig. 1(a). The initial superconduc-
tivity with T, 20 K in optimally doped BaFe; 9Nij ; As; is
quickly suppressed by Crdopinguptox  0.04, accompanied
by a recovery of the short-ranged AF order to long-ranged AF
order [17,45,46]. However, both Ty and T are insensitive to
Cr doping except for a slightly enhancement in x  0.4-0.6
compounds, suggesting the robust orthorhombic AF phase in
this system. Very different doping dependence between Néel
temperature Ty and effective average moment M is observed
in this iron pnictide system [Figs. 1(a) and 1(b)], which means
the ordered temperature and ordered strength can be tuned
separately by changing the doping ratio of Ni and Cr [4,8].

B. X-ray diffraction

We have carried out XRD experiments to check the Cr
doping effect on the lattice structure. The as-grown single
crystal XRD are measured at room temperature with incident
beam along c axes, typical results of the normalized data for
x 0,04, and 0.7 are shown in Fig. 4(a), where the insert
shows the peak shift of (0, 0, 6) for all samples. The sharp peaks
with a narrow width about 0.1° indicate the high crystalline
quality of our samples. The systematic shift of (0, 0, 6) peak
towards the low scattering angle upon Cr doping, suggests that
Fe is indeed substituted by Cr, and the lattice is stretched along
¢ axes by a larger ionic size of Cr.

To further check the Cr doping effect on the lattice pa-
rameters and bonding angles, we have performed high reso-
lution synchrotron XRD on powder samples with wavelength
of 0414 A at T 12 (below T), 55, and 270 K (above
Ts). The polycrystalline samples are ground from the same
batch of those single crystals measured in neutron diffraction
experiments. Figure 4(b) shows the representative diffraction
patterns of thex 0.5 sample, where the refinement is done by
GSAS-EXPGUI package with profile factors R, 5.8% and
Ryp  7.47%. The impurity from the flux Fe; ¢ «Nig ;CrxAs;
or other phases, even if they exist, should be less than 0.6%
from our refinements. For comparison, we refine the patterns
with one phase uniformly for all Cr doping levels, and list the
R, Ryp, and reduced x 2 in Table 1. The small values of these
parameters concerning the refinement quality indicate that the
sample phase is in high purity for such a complex system. The
evolution of Bragg peak (2, 2, 0) with different Cr doping at
12 K, which contains the information concerning the ab plane,
is shown in the insert of Fig. 4(b). The nearly monotonic change
of the peak center and peak width at larger Cr concentrations
are found [Figs. 4(c) and 4(d)]. Such small shift of the Bragg
peak position indicates that the in-plane lattice parameters are
slightly affected by Cr doping. The broadening of the peak
width may be induced by microstrain from the internal defect
by Cr doping rather than the external processing by grinding.

We summarize all refinement results in Fig. 5, including the
lattice parameters a, b, c, the lattice orthorhombicity §, the
bonding angles of As-Fe-As «;, oy, a3, the arsenic heights
to the iron-plane hagpe, and to the barium-plane hagp,, as
defined in Figs. 1(c) and 1(d). The doping dependence of
c-axis parameter at 300 K is obtained from the data of single
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FIG. 4. (a) Typical patterns of x-ray diffraction on the as-grown
single crystals BaFe; 9 (Nig;CryAs, withx  0,0.4, and 0.7 at room
temperature, the inset shows that the peak (0 0 6) shifts with Cr
doping increasing. For clarity, the intensity is normalized to [0, 1].
(b) Synchrotron x-ray diffraction pattern and refinement results on
x 0.5 powder sample with wavelength of 0.414 Aat 12K, the inset
shows the evolution of Bragg peak (2, 2, 0) upon Cr doping. (c) and
(d) Cr doping dependence of the peak center and peak width (FWHM)
for (2, 2, 0) nuclear peak.

crystal XRD experiments [Fig. 4(a)], which is nearly the same
as 270 K data in the powder diffraction experiments. The c
axis shrinks about 0.5% by cooling down to low temperature
at 12 and 55 K due to thermal effects, and continuously
increases upon Cr doping [Fig. 5(b)]. The in-plane lattice
parameters a and b are weakly dependent on Cr doping with
a very small increment after x 0.5 [Fig. 5(a)]. The lattice
orthorhombicity, defined as the in-plane lattice distortion at low
temperature: § (a b)/(a b),isaround 10 3 and doping
independent within the instrument resolution [Fig. 5(c)]. The
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FIG. 5. Cr doping dependence of (a) the lattice parameters a and
bat 12 K, (b) the lattice parameter c at 12 (black), 55 (red), 270 (blue),
and 300 K (magenta), (c) the lattice distortion § at 12 K, (d) As-Fe-As
bond angles at 12 K, and (e) and (f) arsenic heights to the iron plane
and barium plane at 12, 55, and 270 K.

As-Fe-As bonding angles reach the ideal angle (109.5°) of
a regular tetrahedron when approaching x 0.8 [Fig. 5(d)]
[4,61]. Therefore, the Cr doping actually stretches the FeAsy
tetrahedron and lifts the arsenic ions away from the Fe-Fe
plane with longer Fe-As distance [Fig. 5(e)]. Consequently,
the arsenic height to barium plane would not be affected
[Fig. 5(f)], but the c axis is increased simultaneously by
increasing Cr doping [Fig. 5(b)]. The similar slopes of the
doping dependence of ¢ axis and arsenic heights (has.pe and
has.Ba) below and above T, prove these behaviors indeed
come from Cr doping effect rather than the thermal effect.
The lifting of As atoms away from the Fe-Fe plane will cause
more difficulties for the electron hopping between iron ions
via the arsenic intermediary, resulting in a localization effect
in the electron transport. A similar effect has been already
observed in our previous studies on the BaFe; 7 Nig3CryAs;
system [46].

C. Transport measurements

To examine how Cr doping affects the properties of
the charge carriers, we have performed resistivity, Hall
coefficient, and Seebeck coefficient measurements on the
BaFe; 9 xNipCrxAs; system. The normalized resistivity in
the ab plane p,p/ 0300k down to 2 K is shown in Fig. 6(a). To
understand the behavior of resistivity at the normal state (high
temperature), we conduct a fit for the data from 150 to 300 K by
an empirical model: p(T)/p300x ~ po AT B'T?, where
po is the normalized residual resistivity, A’ is the magnitude of
the T-linear term (so called non-Fermi-liquid term) mostly
related to the slope of p(T), and B’ is the magnitude of
the quadratic term (so called Fermi liquid term). The fitting
parameters are shown in the Fig. 6(b). The decreasing of
1/po and A" with increasing x up to 0.5 suggests the metallic
behavior is suppressed upon Cr doping due to localization
effect of charge carriers. However, the A’ term slowly recovers
above x 0.5, indicating the mobility of the charge carriers
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FIG. 6. (a) Temperature dependence of in-plane resistivity for
BaFe; 9 «Nip,CrsAs,. For clarity, all data are normalized by the
data at 300 K and shift upward by 0.1 step for each compound. (b)
Doping dependence of the parameters from model fitting results of
resistivity between 150 and 300 K. (c) The gradient color mapping for
the temperature and doping dependence of the first order differential
of resistivity dp/dT of BaFe,y (Nig,CrsAs,, where T, T, and Ty
mark the superconducting transition temperature, structural transition
temperature, and Néel temperature versus Cr doping x. The dashed
line is obtained from neutron diffraction results in Fig. 3.

may be improved again for higher Cr dopings. The B’ term
switches to a negative value for Cr doping higherthanx 0.5,
which is very similar to the hole doped Ba; K Fe,As; system
[10,62]. These facts suggest that the Cr doping may affect
not only on the mobility but also the type of charge carrier.
Except the superconducting compound BaFe 9Nig ; As, with
zero Cr doping, all curves in Fig. 6(a) show an upturn at low
temperature. This is attributed to the dual effects from charge
carrier localization and magnetic transition at low temperature
[46], which is very clear from the transition boundary in
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FIG. 7. (a) Temperature dependence of the Hall coefficient Ry for
BaFe, 9 «Nig;CryAs;. (b) and (c) Magnetic field dependence of the
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and BaFe, 4Nip ;Cry 5As;, respectively. (d) and (e) Cr doping depen-
dence of the Hall coefficient Ry at 80 K, 120 K, and the Seebeck
coefficient at 300 K, respectively.

the gradient color mapping for the first order differential of
resistivity dp/dT shown in Fig. 6(c).

The effective carrier density can be measured from Hall
resistivity at normal state. The temperature dependence of the
Hall coefficient Ry above Ty is shown in Fig. 7(a). More
interestingly, the sign of Ry switches from negative to positive
with Cr substitution when x > 0.5. For clarity, we have also
shown the magnetic field dependence of the Hall resistivity
forx 0.1 and 0.5 in Figs. 7(b) and 7(c), both of them have
linear temperature dependence but opposite slope. By selecting
the Hall coefficient Ry data at 80 and 120 K in Fig. 7(d), we
find a clear minimum at x 0.1 and a sign change between
x 0.4and0.5, even the signal abovex 0.5 doping is really
weak. Therefore, the Cr dopings initially causes localization
effect to suppress the superconductivity when x < 0.1, but
then introduce more holes into the system and finally turn
the effective charge carriers to be holelike around x  0.5.
A similar process occurs in the BaFe, CrxAs; system, where
the electron-to-hole crossover is around x  0.15 [63]. This
speculation is further confirmed by the thermoelectric power
measurement, where the Seebeck coefficient also changes sign
between x 0.4 and 0.5 as shown in Fig. 7(e). Since the
effective charge carrier in the parent compound BaFe,;As;

already is electronlike [62], the Cr doping, even it would
be naively thought to be hole doping, does not have exactly
opposite behaviors compared to the electron doping from Ni
due to particle-hole asymmetry [64]. Moreover, the impurity
scattering from the ionic substitution may be quite different be-
tween Cr and Ni [9,65]. In this case of BaFe; g Nig CryAs,,
a smeared band structure and holelike Fermi surfaces are then
expected.

IV. DISCUSSION AND CONCLUSIONS

It is theoretically predicted that the Fe-pnictogen distance
and the shape of FeAs, tetrahedron have crucial influence
on the static moment [66]. In our neutron scattering experi-
ments on the BaFe; ¢ «NigCrxAs; system, the observation
of entirely different Cr doping dependencies between ordered
temperature Ty and effective moment M suggests a complex
origin of the magnetism in this iron pnictide system [67-73].
Since the Cr doping has limited effect on the in-plane lattice
parameters, the direct interactions determined by in-plane
exchange couplings are nearly unchanged. Due to the strong
magnetoelastic coupling in this system [19], the nearly doping
independent lattice orthorhombicity é under weak distortion
of in-plane lattice probably makes both Ty and Ty stay around
35 K. However, the Cr substitution strongly stretches FeAsy
tetrahedron by lifting As height, thus the hoppings between
Fe-As-Fe indirect interactions become more difficult due to
increasing Fe-As distance. In this case, the electron system
becomes more localized with enhanced electron correlations
and larger effective mass, forming a larger static moment
upon Cr doping. Meanwhile, the Cr doping actually introduces
holes into the system, which compensates the electrons by
lowering the chemical potential and reshapes the Fermi surface
[Fig. 1(b)]. The better condition of Fermi surface nesting
stabilizes the magnetic ordering, and the system finally reaches
the maximum ordered moment when correlations are strong
enough [66,74]. Further Cr doping breaks down the balance
between the electron pocket and hole pocket, and switches the
effective charge carriers from electronlike to holelike above
x  0.5. The mobility of the system will be improved again
with itinerary holes and reduced effective mass, which strongly
enhances the Fe-Fe direct hopping. The correlation strength
may be further enhanced by increasing Fe-As distance, thus
less quasiparticles condense to form a reduced static moment
in the AF order [Fig. 1(b)] [66—69]. For the highest doping in
our studies x (.8, the magnetic moment is still strong along
with impurity scattering from Cr, so the superconductivity
can not survive for limited hole density even below such low
Tn [4-8].

In conclusion, we have systematically studied the anti-
ferromagnetism, crystal structure, and electronic transport of
the heavily Cr doped BaFe; ¢ «NigCryAs, system. We find
that both magnetically ordered temperature Ty and structural
transition temperature T keep around 35 K when doping
Cr from x 0.05 to x 0.8, while effective moments are
significantly enhanced then suppressed down after x > 0.5.
Detailed structural analysis suggests that the FeAs, tetrahedron
is stretched by lifting As atoms away from the Fe-Fe plane
but keeping the lattice orthorhombicity unchanged upon Cr
doping. A crossover from electron-type to hole-type charge
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carriers together with their mobility happens around x 0.5,
too. These results suggest that the ordered moment and the
ordered temperature of static magnetism in iron pnictides can
be tuned separately by different chemical dopings. It seems
that the superconductivity occurs more likely in those systems
with intermediate correlation strength and sufficient intensity
of itinerant electrons or holes.
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