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Synchrotron X-ray, neutron powder diffraction, magnetic susceptibility, and electrical resistance
measurements were used to investigate the Nd;_.Ca ,FeAsO series. The solubility of calcium is
limited to 0 < x < 0.05. Within this interval, the iron arsenide layer contracts linearly in agreement
with the hole doping of anti-bonding iron 3d-orbital states at the Fermi level. Depletion of the
free charge carriers results in a transition to semiconducting behaviour. The iron spin-density wave
(SDW) transition temperature is reduced from 140 K (x = 0) to 125 K (x = 0.025) to 130 K
(x = 0.05). Long-range SDW ordering is only observed in neutron diffraction concomitant with that
of the rare-earth sublattice (7nng & 2 K), revealing that the Nd ordering enhances the ordered Fe
moment in spite of the large difference in ordering temperature. The transition to semiconducting
behaviour results in a dramatic change in the magnitude and field dependence of the magnetoresis-
tance (MR), which is much reduced (R/R, = 1.6 for x = 0, 1.03 for x = 0.025, and 1.06 for x = 0.05
at 5 K and in 9 Tesla) and becomes more linear for x > 0. Finally, MR is first observed at the onset of
the structural P4/nmm — Cmma transition, and increases more rapidly below Tspw, providing

further evidence that the structural phase transition and SDW are linked.

Introduction

The discovery' of high-T, superconductivity in LaFeA-
sO;_.F, generated enormous scientific interest and led to
the rapid exploration of other iron-based superconductors.
Presently, four main groups are known: 1111 type RFeAsO
and AeFeAsF,' ™ 122 type AeFe,As,. ® 111 type A FeAs,” !
and 11 type FeSe,_z'>!"® where R = La, Ce—Nd, Sm,
Gd—Dy, Ae = Ba, Sr, Ca, Eu, and A = Li, Na. The 1111
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and 122 materials share many features. Perhaps the most
important one is that superconductivity emerges from a
magnetically ordered metallic state by charge carrier dop-
ing.'* In the RFeAsO materials, this may be achieved by
electron and hole doping, whereas the AcFe,As, materials
become superconducting upon hole doping only. There is a
wide variety of chemical ways for charge carrier doping
into the conducting iron arsenide layers. This includes
substitutions in the electronically inert layers, such as
(Ry—,Sry)."” (Ae;,K,)." (0,,F,)! and (O,_,)," but also
by direct doping on the Fe site by for example Co."”
Hydrostatic pressure has also been used to suppress the
magnetic ordering and induce superconductivity.'® Band
structure calculations show that the electronic states at
the Fermi level are mostly made up out of Fe 3d orbital
states with a small but non-zero contribution of the
pnictide-atom.'” ™' The largest contribution is from the
Fe 3d,.,. orbital, which points directly towards the nearest
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neighbour Fe atoms and is highly dispersive in the a—b
plane but remains flat along the c¢-direction. The second
largest contribution is from the xz and yz orbitals.>' The
origin of the magnetic ordering in the parent material
remains under debate but is commonly attributed to a
spin-density wave (SDW) instability at the Fermi surface.?
Among the new high-T, groups, the RFeAsO,_ .F, mate-
rials are of particular interest as they afford the highest
critical temperatures and fields up to 55 K and ~100 T.*~%°

Here we report on the crystal and magnetic structures,
the magnetic susceptibilities, and electrical resistivities of
the Nd,_,Ca, FeAsO series. Substitution of Ca®>" on the
Nd** site corresponds to nominal hole doping (oxidation
of iron). The NdFeAsO parent is a poor metal that shows a
separate (in temperature) SDW and tetragonal (P4/nmm)
to orthorhombic (Cmma) transition. These transitions
occur at 140 and 160 K, respectively. The magnetic order-
ing is confirmed by neutron powder diffraction, uSR,
NMR, and Mossbauer with an ordered iron moment
of ~0.25 up.*~° The structural transition is second order
and a broadening of synchrotron X-ray diffraction reflec-
tions is observed below 160 K, while full splitting is
observed below 140 K.**3! There are two published neu-
tron powder diffraction studies of the Fe SDW in NdFe-
AsO. One finds magnetic ordering below 2 K only, which
coincides with the magnetic ordering of the Nd sublattice.*?
The refined moments are m, = m = 0.9(1) ug for Feand m, =
1.22(7) ug, m. = 0.96(9) ug, and m = 1.55(4) ug for Nd. In
this case, the magnetic cell is identical to the crystal-
lographic one and the Fe moments align in ferromagnetic
stripes with the antiparallel alignment along the longer
a-axis. The other demonstrates that the iron moments
remain aligned in stripes up to Tspw = 141(6) K (> Tnna
~ 2 K) but with a much reduced moment (m = 0.25(7) ug)
and a magnetic cell that is doubled along the c-axis.”’ The
3-fold increase in the ordered Fe moment below T\ ng iS
unexpected, as the large difference in ordering temperatures
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suggests that the two sublattices do not interact much.
Electron doping NdFeAsO via fluorine substitution or
oxygen deficiency results in superconductivity with a
maximum 7. ~ 55 K for in NdFeAsO,_.F, and NdFe-
AsO,_,.'%¥3 In addition, these materials have upper
critical fields on the order of 100 Tesla.>> The pairing
mechanism in these superconductors remains unclear but
is likely related to the SDW, although measurements of
the phonon density of states reveal small differences
between parent and superconducting compositions in
NdFeAsO,_,F..>* Hole doping via chemical substitution
of Sr** on the Nd-site has been reported by some of us and
affords a superconducting phase with 7, = 15 K for x =
0.2 in the series Nd; _Sr.FeAsO."> The present study is part
of our investigation into the chemical stability of the
1111-type materials and the effects that different dopants
have on the crystal structure and physical properties of this
important class of materials. To the best of our knowledge,
this is the first detailed report on the effects of Ca doping in
any of the 1111 type superconductors.

Experimental Section

Polycrystalline samples of Nd,_ Ca,FeAsO were pre-
pared using standard solid-state chemistry methods. Stoi-
chiometric amounts of NdAs, FeAs, Fe, Fe,O3, and CaO
were mixed intimately using mortar and pestle and pressed
into dense pellets. These were heated for 24 hoursat 1150 °C
with one intermediate regrinding. All chemicals were ob-
tained from Sigma Aldrich with at least 99.9% purity and
all sample manipulations were done inside an Ar filled
glovebox. The precursors FeAs and NdAs were prepared
from stoichiometric mixtures of the elements heated in
evacuated quartz tubes for 2 h at 500 °C, followed by 16 h
at 900 °C for NdAs and 750 °C for FeAs. Laboratory
powder X-ray diffraction using a Bruker D8 Advance
diffractometer (Cu K, ;) revealed the presence of a CaO
impurity phase for samples with x > 0.15. Traces of Nd,O3
or NdAs were observed for some attempts but never exceed
5 mass % from Rietveld fitting and are absent in the best
samples. The initial exploration of these materials was done
ona 0.5 gscale. For x = 0 and x = 0.05, 2 g samples were
prepared for neutron powder diffraction measurements.
Room-temperature synchrotron X-ray powder diffraction
patterns were collected on the ID31 instrument at the
European Synchrotron Radiation Facility, Grenoble. The
prepared samples were measured during two experiments;
the first with A = 0.39986 A was done on compositions x =
0, 0.05, and 0.10; the second with A = 0.40030 A was done
on x = 0.025, 0.05, 0.075, and 0.15. The x = 0.05 sample
was measured in both experiments for scaling purposes.
Data sets were collected between 2 < 26 < 40° and binned
with a stepsize of 0.002°. Rietveld fitting of these data sets
showed that the solubility of calcium is limited to x = 0.05
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(by refinement of the Nd/Ca occupancies). Variable-
temperature high-resolution neutron powder diffraction
data were collected on the high-resolution super-D2B pow-
der diffractometer at the Insitut Laue Langevin in Greno-
ble, France. Data sets were recorded at 1.6 K and 175 K for
x = 0 and x = 0.05. The instrument was used without
additional collimation and with a large diameter beam to
maximize the number of neutrons on the sample. The
neutron wavelength used was 4 = 1.594 A. Data were
recorded at 5 < 26 < 160° with a stepsize of 0.05°. High-
flux neutron powder diffraction experiments were per-
formed on the D20 instrument at the ILL.?” The instrument
was set up in the highest flux mode with A = 2.42 A. Data
sets were collected over 4 h each at 1.6, 30, and 175 K in the
5 = 26 = 150° interval using a position sensitive detector.
The GSAS suite of programs and the EXPGUI graphical
user interface were used for Rietveld fitting of the synchro-
tron X-ray and neutron powder diffraction data.*®° The
temperature dependences of the zero field cooled magnetic
susceptibilities were measured in a field of 1 Tesla using a
Quantum Design Magnetic Property Measurement Sys-
tem. The electrical resistance and magnetoresistance were
measured in a standard four-point geometry using the
resistance option of a Quantum Design Physical Property
Measurement System. The dimensions of the bars were

approximately 2 x 1 x 5 mm?.

Results

Crystal Structure. The synchrotron diffraction data
were used to follow the x-dependence of the room tem-
perature crystal structure. Rietveld fits for the x = 0.025
and x = 0.05 samples are shown in Figure S1 in the
Supporting Information, whereas the fit for the x = 0
pattern is reported in ref 15. Increasing the Ca>* content
leads to an expansion of the ab plane, whereas the c-axis
initially contracts and then increases slightly for x = 0.05
(Table 1). This results in an initial drop in cell volume
followed by a modest increase (Table 1) and is consistent
with the behavior observed in the Nd,_,Sr, FeAsO series.'?
In contrast to these changes, the modification of the FeAs
tetrahedral layers upon doping is systematic (Figure 1):
First, the Fe—As distance decreases linearly upon increas-
ing x, as is expected for hole doping (partial oxidation of
Fe?" to Fe’ ). Secondly, the Fe—As—Fe angle increases
linearly, leading to a compression of the FeAs layer. The
net effect of the shortened FeAs bond and increase in Fe—
As—Feangleis a linear decrease in the FeAs layer thickness
(Fig. 1). The changes to the (Nd/Ca)—O and (Nd/Ca)—As
bond lengths and angles are not linear but follow an
increase—decrease (or decrease—increase) pattern, and
are given in Table 1.

High-resolution neutron powder diffraction was used to
follow the temperature dependence of the x = 0 and
x =0.05 samples. The data sets collected at 175 K could
be indexed using the tetragonal P4/nmm cell. Upon further
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Table 1. Room Temperature Lattice Constants, Atomic Parameters,
Selected Bond Lengths (A) and Angles (deg), and Fit Statistics for the
Nd,_.Ca,FeAsO Series

x=0 x = 0.025 x = 0.05
a-axis (A) 3.96594(1) 3.96773(1) 3.96805(1)
c-axis (A) 8.59786(5) 8.58658(5) 8.58668(5)
V(A% 135.233(1) 135.177(1) 135.201(1)
Nd z 0.13888(6) 0.13935(6) 0.13894(7)
oce 1.00 0.969(4) 0.950(5)
Usso 0.0068(2) 0.0057(2) 0.0045(2)
Ca z 0.13935(6) 0.13894(7)
frac 0.031(4) 0.050(5)
Usso 0.0057(2) 0.0045(2)
Fe Uso 0.0062(2) 0.0059(4) 0.0046(4)
As z 0.6575(1) 0.6572(1) 0.6568(1)
Usso 0.0062(3) 0.0074(3) 0.0057(3)
0 Uso 0.003(1) 0.016(2) 0.018(2)
Fe—As 2.4010(5) 2.3996(6) 2.3979(7)
As—Fe—As 111.36(4) 111.53(4) 111.66(5)
108.54(2) 108.45(2) 108.39(2)
Nd—As 3.3061(5) 3.3045(6) 3.3087(7)
As—Nd—As 116.04(3) 116.18(3) 115.99(4)
Nd—0 2.3147(3) 2.3168(3) 23151(3)
0—Nd—0 117.89(2) 117.81(2) 117.96(2)
P 2.0 2.1 2.1
WR, (%) 15.2 18.1 18.1
R, (%) 11.7 11.8 12.7
Re (%) 7.61 5.6 5.1
T T T T
2.404| Nd A FeAsO
< E
=, 2400 g -
< RN —m—A=8r
.c'-'- § —e—A=Ca
23— —1
111.6
<
3 1114
< | '
— 2.704
)
> L |
o n
0 2696 N
<
GJ 1 1 1 1
L

0.00 0.05 0.10 0.15 0.20

X

Figure 1. Doping dependence of the Fe—As bond distance, As—Fe—As
tetrahedral angle, and FeAs layer thickness of the Nd,_,A FeAsO
(A = Ca, Sr) series. The data for the Sr series are reproduced from our
earlier work.'?

cooling to 1.6 K, a tetragonal to orthorhombic structural
transition occurs and both samples have low-temperature
diffraction patterns consistent with the previously reported
Cmma model for NdFeAsO.*" A Rietveld fit for the x =
0.05 sample is given in Figure S2 in the Supporting
Information. The refined lattice constants, atomic para-
meters, and selected bond length and angles are given
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in Table 2. The structural transition leads to a rectangular
distortion of the iron square planar sublattice (Table 2),
which facilitates the long-range SDW ordering of the Fe
moments.

Magnetic Susceptibilities. The inverse magnetic suscept-
ibilities of the Nd;_,Ca ,FeAsO samples are shown in
Figure 2 and are dominated by the (linear) paramagnetic
contribution of the Nd** moments. This makes it difficult
to asses the much smaller contribution of the iron moments
to the magnetic susceptibility. A Curie—Weiss (CW) fit of
the paramagnetic region was used to obtain an indication
of the Nd** magnetism. The fitted Curie constants are
given in the inset to Figure 2 as are the expected values for
paramagnetic Nd** (*I, 12). The experimental values reveal
a linear decrease in agreement with the partial replacement
of magnetic Nd** with diamagnetic Ca®". However, the
magnitude of the Curie constants is much larger than
expected for x = 0 and x = 0.025, which may signal a
significant contribution of the iron spins to the magnetic
susceptibility, although the iron moments are not expected
to show CW behavior. The experimental and calculated
values are in good agreement for the most highly doped
sample (x = 0.05). The Weiss temperatures are negative,
indicative of antiferromagnetic interactions between Nd**
spins, and are approximately —30 K for all x. We note that
the CW model does not describe the magnetism in this
system accurately and the results of the fits should therefore
be treated with some caution.

Resistance. The temperature dependence of the resis-
tance is shown in Figure 3. The x = 0 composition shows
the typical drop below T, &~ 160 K that is associated with
the onset of the T— O structural transition, which is caused
by the SDW transition that occurs around 140 K. The latter
temperature corresponds to the maximum in dR/dT, which
occurs at ~140 K for our sample. The polycrystalline
nature of our samples prevent us from making quantitative
statements but it is evident that upon Ca””" substitution,
the temperature dependence of the resistance changes from
metallic to semiconducting for x = 0.025 and remains
semiconducting for x = 0.05. The drop in resistance
observed for x = 0 is almost completely suppressed in
the x = 0.025 materials but re-appears in the x = 0.05
composition. In fact, for x = 0.025, dR/dT < 0 over the
entire measured temperature range, indicating semicon-
ducting behavior, whereas the maximum slope occurs at
~125 K. For x = 0.05, Tphax = 145 K, whereas (dR/dT)nax
~ 130 K. These observations are consistent with a scenario
where NdFeAsO is hole doped by substitution of Ca®*
leading to a depletion of free (n-type) charge carriers and
thereby to semiconducting behaviour. This is qualitatively
the same as the behaviour observed for the Nd;_,Sr Fe-
AsO series with the distinction that Sr doping affords x,,.x =
0.2. At these higher doping levels, metallic conduction
reappears, leading to superconductivity with 7, = 15 K.'°

Magnetoresistance. The magnetoresistance of the
Nd;_Ca,FeAsO samples was obtained from the measure-
ment of R(H) curves between —9 T < uoH < 9 T. The as-
measured curves were found to be slightly asymmetric for
the x = 0 and x = 0.05 samples (inset to Figure 4), and in
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Table 2. Lattice Constants, Atomic Parameters and Selected
Bond Lengths (A) and Angles (deg) for Nd,_,Ca,FeAsO from Variable-
Temperature D2B Neutron Powder Diffraction Data

0 0.05
175 1.6 175 1.6

space group  P4/nmm Cmma P4/nmm Cmma
a-axis (A) 3.96133(4)  5.6154(1) 3.96351(5)  5.6157(1)
b-axis (A) 5.5856(1) 5.5908(1)
c-axis (A) 8.5772(2) 8.5591(2) 8.5662(2) 8.5479(2)
v (A%) 134.597(3)  268.461(7)  134.570(5)  268.372(6)
Nd/Ca :z 0.1389(2) 0.1390(2) 0.1388(2) 0.1389(2)

Uiso 0.0036(7) 0.0004(6) 0.0023(6) 0.0005(6)
Fe Usiso 0.0076(6) 0.0062(6) 0.0079(5) 0.0061(6)
As z 0.6582(3) 0.6587(3) 0.6574(3) 0.6578(3)

Usiso 0.0078(7) 0.0059(7) 0.0072(7) 0.0043(8)
(0] Usiso 0.0061(8) 0.0049(8) 0.0050(7) 0.0049(6)
¥ 2.4 2.4 29 2.8
WR,, (%) 5.2 5.2 5.9 5.7
R, (%) 4.1 4.1 4.6 4.5
Ry (%) 4.1 43 42 4.6
Fe—As 2.401(2) 2.401(2) 2.397(2) 2.397(2)
As—Fe—As 111.2(1) 111.1(1) 111.5(1) 111.5(1)

108.64(5) 108.45(5) 108.45(5) 108.28(5)
108.89(5) 108.65(5)
Nd—-O 2.311(1) 2.310(1) 2.311(1) 2.310(1)
Nd—As 3.298(1) 3.299(1) 3.302(1) 3.302(1)
3.286(1) 3.292(1)
Fe—Fe 2.80108(3) 2.80771(6)  2.80263(3)  2.80785(5)
2.79280(6) 2.79538(5)

200

P

1/ (mol emu™)
3

Nd, Ca OFeAs

0 100 200 300
T (K)
Figure 2. Inverse magnetic susceptibilities for the Nd,_,Ca, FeAsO ser-

ies. The inset shows a comparison between the experimental Curie
constants (C) and the expected ones for Nd** (419,,2).

0.04

0.03

 0.02

0.01
Nd, Ca FeAsO
0.00 ; : ' : ' : 0.0
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Figure 3. Temperature dependence of the electrical resistance for the
Nd,_,Ca, FeAsO series.
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Figure 4. Magnetic field dependence of the magnetoresistance [R/Ry = R
(H)/R(H=0)] for the Nd,_,Ca,FeAsO series at 5 K. The solid lines are
power law fits to the data (see text). The inset shows the raw data collected
forx = 0.

the following, only the symmetric part of the MR response
is given (Figure 4). The asymmetry arises from a Hall
resistance due to the slight misalignment of the contact
electrodes. The shape of the field dependence of the MR for
the x = 0 sample is typical for a metallic conductor with an
H? field dependence below H = 1 T. In larger applied
fields, R/ R, follows a power law with an exponentn = 1.48
(1). The solid lines in Figure 4 are fits. Upon Ca substitu-
tion, both the magnitude and shape of the MR change
dramatically. The MR at 9 Tesla is 1.6 for x = 0, reduces to
1.03 for x = 0.025, and then increases to 1.06 for x = 0.05.
At low fields, the MR is no longer quadratic and no longer
typical of a metal. Furthermore a crossover in field depen-
denceis visible at ~5.5 T for x = 0.025and at ~4 T for x =
0.05 (Figure 4). For x = 0.025, power law fits yield n = 1.38
(Dfor0<ugH <55Tandn = 1.17(1)for 5.5 < ugH < 8.5
T. For x = 0.05, the valuesaren = 1.22(1) for 0 < uoH < 4
T and n = 0.96(1) for 4 < uyH =< 8.5 T. These measure-
ments reveal that the field dependence of R/R, becomes
more linear for larger x and in larger applied magnetic
fields. The temperature dependence of the 9 T MR for the
x = 0 parent material is given in Figure 5. This reveals
that the MR is largest at low temperatures and falls of
with increasing temperature. In the vicinity of the SDW
(~140 K) and structural transition (~160 K), two linear
regions can be discerned. Small magnetoresistances are
already observable upon the onset of the structural transi-
tion, whereas the MR increases more rapidly when the
three-dimensional SDW ordering occurs. These observa-
tions show that the positive MR is related to the SDW
ordering and provides further evidence that the structural
transition and SDW are coupled. Our results are in ex-
cellent agreement with a recent single crystal study where
R/Ry~ 1.1 at 75 K and 9 Tesla, revealing that the observed
MR is intrinsic and not related to the polycrystalline nature
of the samples.*°

Magnetic Structure. Samples with x = 0 and x = 0.05
were studied using high-flux neutron powder diffraction.
Identical counting times were used to collect data sets at

(40) Cheng, P.; Yang, H.; Jia, Y.; Fang, L.; Zhu, X. Y.; Mu, G.; Wen, H. H.
Phys. Rev. B 2008, 78(13), 134508.
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Figure 5. Temperature dependence of the magnetoresistance in 9 Tesla
for NdFeAsO.
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Figure 6. Rietveld fits to 2—30 K difference (magnetic contribution only)
neutron diffraction patterns for Nd,—,Ca,FeAsO (x = 0 and x = 0.05).
The as-collected patterns are shown in Figure S3 of the Supporting
Information.

1.6, 30, and 175 K (see Figure S3 in the Supporting
Information). These were carefully subtracted to separate
the magnetic scattering from the structural contributions.
The resulting 2—30 K difference patterns are shown in
Figure 6. For x = 0, two strong and five weaker magnetic
reflections were observed. These could all be indexed using
the Cmma crystallographic cell. The intensities were fitted
adequately using the combined Nd and Fe ordering model
proposed by Qiu et al.** The refined moments are for Nd
m, = 1.37(7) ug, m. = 1.31(8) ug, m = 1.90(3) up and for
Fe m, = 1.10(9) ug. Subtraction of the 175 K and 30 K
patterns showed no magnetic reflections within the experi-
mental accuracy (0.2—0.3 ug). For x = 0.05, the 2—30 K
difference pattern (Figure 6) shows an identical magnetic
diffraction pattern to that observed for x = 0. The reduc-
tion in intensities is consistent with a slightly lower ordering
temperature of the Nd-sublattice resulting from the dilu-
tion of the magnetic Nd** lattice by non-magnetic Ca*".
The refined moment are m, = 0.27(7) ug, m. = 0.42(5) us,
and m = 0.50(2) up for Nd and m, = 0.27(5) up for Fe.
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The 30—175 K difference pattern again showed no
evidence for magnetic reflections within the experiment
accuracy.

Discussion

The structures and properties of the Nd,_,Ca,FeAsO
series have been investigated. Synchrotron powder X-ray
diffraction reveals that the Nd,_,Ca FeAsO series forms
for 0 < x < 0.05. This is substantially lower than x,,,, =
0.20 observed for the analogous Sr-series.'> Both substitu-
tions result in a formal Fe®¥" oxidation state but the
sizes of the dopant cations are different. The ionic radius of
Ca’" is 1.12 A, whereas that of Sr** is significantly larger
at 1.26 A. The radius for Nd*> " is tabulated as identical to
that for Ca®" (values for 8-fold coordination in oxides).*!
The structural response of the iron arsenide layer of the
Nd;_,Sr,FeAsO series has been included in Figure 1 to
facilitate a comparison. It is evident that the magnitude of
the changes in bond length, angle and layer thickness are
comparable in the two series in spite of the different x,,.y.
For the smaller Ca®" cation a linear contraction in FeAs
layer thickness is observed up to the maximum doping level
x = 0.05, above which the structure is no longer stable. The
larger Sr*> " cation reverses this trend, and for x > 0.1 the
FeAs layer expands again. This expansion signals signifi-
cant changes to the bonding that lead to the appearance of
a superconducting state with 7, = 15K for x = 0.2. At the
moment, we cannot offer a good explanation for the
difference in x,,,, between the two series.

The decrease in the FeAs layer thickness for Nd;_Ca Fe-
AsO is consistent with hole doping of the anti-bonding iron
bands at the Fermi level. This results in a depletion of
n-type charge carriers as evidenced by the transition
from metallic to semiconducting behaviour (Fig. 3). The
SDW transition remains intact and its transition tempera-
ture is reduced moderately. From (dR/dT)max, Tspw
decreases from 140 K (x = 0) to 125 K (x = 0.025) and
then increases to 130 K (x = 0.05). The presence of the
SDW is confirmed by low-temperature neutron powder
diffraction (Figure 6). Our results suggest a significant
enhancement of the ordered Fe moment below 7 Na,
which is surprising because of the weak coupling between
the two sublattices as evidenced by the large difference
between Tnng and Tspw. In general, the small iron
moments in the 1111 materials are not well understood,
as electronic structure calculations consistently suggest
that iron should have a moment of 1—2 up.** Mazin
and Johannes have suggested*? that iron in fact has a
large moment but that this appears strongly reduced
because of fluctuations caused by antiphase boundaries
and stacking faults along the z-direction. In this
scenario, ordering of the Nd sublattice provides enhanced
three-dimensional coherency and leads to observation
of a larger Fe moment in neutron powder diffraction,
consistent with our experimental results.

Marcinkova et al.

Magnetoresistance measurements (Fig. 5) reveal that the
MR in the parent material first appears at the onset of the
SDW transition (~160 K) and increases more rapidly when
long range SDW ordering is fully established (below ~140 K).
Ca substitution changes both the magnitude and field
dependence of the MR. The MR is strongly reduced for
the semiconducting samples suggesting that the concentra-
tion of free charge carriers is important. In conjunction, the
field dependence of the MR changes from typical metallic
to a near linear field dependence, with a transition evident
near 5 Tesla for x = 0.025 and near 3.5 Tesla for x = 0.05.
These measurements reveal that the MR is related to the
SDW and the number of free charge carriers. The micro-
scopic reason for the large positive MR is not well under-
stood, which is not surprising given the debate of the nature
of the SDW.?**? Generally, the magnitude of the MR is
found to be larger in the 1111 RFeAsO parent materials
than in the 122 AeFe,As, group. The R/R, ratio in
BaFe,As; is ~1.1 at 5 K and 6.5 T compared to ~1.35 in
NdFeAsO for the same conditions. This suggests that there
might be a correlation with the ordered iron moment found
from neutron powder diffraction, which is typically lower
for the RFeAsO samples [0.25(7) upg for NdFeAsO com-
pared to 0.87(3) u for BaFe,As,],* or using the arguments
above, that materials with stronger fluctuations (lower
ordered Fe moment) have larger positive MR. It is worth
pointing out that the MR shows an anomaly at the
R-sublattice ordering temperature for R = Ce, Pr, and
Nd, despite the absence of significant bonding between
RO and FeAs layers.?®

In conclusion: the substitution of Ca>" in Nd,_,Ca,Fe-
AsO is possible for 0 < x < 0.05 and results in a linear
compression of the FeAs layer, which is consistent with a
depletion of charge carriers from the anti-bonding electro-
nic states at the Fermi level. This results in changes in the
trends in resistance with temperature consistent with a
transition from metallic to semiconducting behaviour as
x increases, and is accompanied by a sharp reduction in the
magnitude of the magnetoresistance, and a change to more
linear field dependences with high-field transitions evident
for the doped samples. The SDW transition temperatures
are 140 K (x = 0), 125K (x = 0.025) and 130 K (x = 0.05).
Simultaneous Fe and Nd spin order is observed at 1.6 K,
whereas no SDW ordering of the Fe spins could be detected
at 30 K, revealing that ordering of the rare-earth sublattice
strongly enhances the ordered iron moment.
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