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Magnetic and structural properties of Ca(Fe,_,Co,),P, and Ca(Ni,_,Co,),P,

Shuang Jia,! Songxue Chi,>* J. W. Lynn,? and R. J. Cava'
'Department of Chemistry, Princeton University, Princeton, New Jersey 08544, USA
2NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA
3Department of Materials Science and Engineering, University of Maryland, College Park, Maryland 20742, USA
(Received 30 April 2010; revised manuscript received 11 June 2010; published 28 June 2010)

We report thermodynamic and crystallographic properties for Ca(Fe;_,Co,),P, and Ca(Ni;_,Co,),P, for 0
=x=1 both ThCr,Si,-type solid solutions. Ca(Fe;_,Co,),P, display an anomalous, non-Vegard’s law a-axis
variation. A monotonically increasing interlayer P-P bond strength is found on progressing from Fe to Co to Ni
in the 3d series. Both CaFe,P, and CaNi,P, evolve from Pauli paramagnetic to antiferromagnetic (CaCo,P,)
with Co doping but the magnetic properties of the solid solutions are distinctly different. Ca(Ni;_,Co,),P,
shows more localized-electron behavior, associated with more complicated magnetic phase transitions.
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I. INTRODUCTION

The correlation between magnetic properties and uncon-
ventional superconductivity in iron pnictides with the
ThCr,Si, crystal structure is of great current interest.!> The
influence of detailed crystal-structure characteristics on prop-
erties is being actively developed. At various temperatures
and pressures, the parent compound CaFe,As,, for example,
displays an uncollapsed tetragonal (ucT) phase, an ortho-
rhombic phase, and a collapsed tetragonal (cT) phase while
its magnetic state varies from antiferromagnetic (AFM) to
superconducting, and then to nonmagnetic.*> Similar to the
pressure effect, hole doping on the Ba site by K.° or electron
doping on the Fe site by Co and Ni in the parent compound
BaFe,As; also evolves the electronic ground state from AFM
to superconducting. Correlations between bond angles and
superconducting (SC) transition temperature (7,) have been
made.®

The analogous phosphorous system AT,P, (A=Ca, Sr, and
Ba; T=Fe, Co, and Ni), albeit showing no unconventional
superconductivity, manifests interesting correlations between
magnetic properties and crystal structures. Previous studies
have pointed out that this system is actually located at the
borderline of an interlayer P-P bonding instability, and there-
fore changing the size of A%* cations, e.g., from Ba?* and
Sr?* to smaller Ca®*, induces a lattice-collapse transition
from a ucT phase to a cT phase.”® The lattice collapse is
driven by the formation of an interlayer P-P bond. Recent
theoretical studies inferred that the forming and breaking of a
P-P bond result in a shape change for the 7P, tetrahedra and
a charge redistribution within the T,P, layer.” Experimental
studies show that the magnetic ground state of the
Sr;_,Ca,Co,P, solid solution varies from nearly ferromag-
netic (FM) Fermi liquid (FL) to AFM, then to FM-like and
finally back to AFM, associated with the structural variation
from ucT (x=0) to cT (x=1).'° Physical property differences
between the cT and ucT phases were also reported for dif-
ferent Fermi-surface topologies in CaFe,P, and SrFe,P,,'!12
and the SC ground states in SrNi,P, and BaNi,P,.!314

In this paper, we focus on the structural and magnetic
properties of the Ca(Fe,_,Co,),P, and Ca(Ni,_,Co,),P, solid
solutions. All three parent compounds, CaFe,P,, CaCo,P,,
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and CaNi,P, show a cT structure with different P-P inter-
layer bond lengths from 2.7 A (CaFe,P,) to 2.3 A
(CaNi,P,).” CaCo,P, displays A-type AFM ordering below
90 K in which the cobalt moments are ordered ferromagneti-
cally within the basal ab plane but antiferromagnetically
along the ¢ axis.®!%1516 Both CaFe,P, and CaNi,P, are nor-
mal Pauli paramagnetic metals with no magnetic or SC states
down to 2 K.'® Band-structure calculations have revealed
that CaNi,P, presents stronger P-P bond strength than
CaFe,P,.'7!® Those studies also argue that CaNi,P, shows a
narrow, filled antibonding transition metal—transition metal
(T-T) band while in CaFe,P, this band is empty.!” The mag-
netic character of CaCo,P,, therefore, is argued to be due to
the 3d electron correlations when this band is near the Fermi
surface (Ep).

The purpose of the current study is to investigate the
variation in the crystal structure and magnetic properties as-
sociated with the 3d electron filling in these compounds, and
thereupon understand the correlation between the interlayer
P-P bonding and the 3d electron configurations. Employing
x-ray diffraction (XRD) measurements, we find a non-
Vegard’s-law behavior of the a axis in Ca(Fe,_,Co,),P,,
which was not anticipated by the band-structure calculations.
Thermodynamic and electron-transport measurements reveal
that both Fe and Ni doping-induced magnetic-property varia-
tion of CaCo,P, can be considered as resulting primarily
from band effects but simple d-orbital filling in a rigid-band
fashion does not explain the observations. Also, the evolu-
tion from Pauli paramagnetic metals (CaFe,P, and CaNi,P,)
to an A-type AFM metal (CaCo,P,) by means of Co doping,
occurs in different ways: Ca(Ni,_,Co,),P, displays more
localized-electron  behaviors and more complicated
magnetic-phase transitions. These magnetic variations and
differences can be understood through bond-length and
band-structure changes.

II. EXPERIMENTAL METHODS

Polycrystalline samples were prepared from elemental P
(red, 99%), Ca (99.5%), Fe (99.5%), Co (99.8%), and Ni
(99%) powder. As the first step, FeP, CoP, and NisP, were
synthesized as previously described.!® Then CaFe,P, and
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FIG. 1. (Color online) Room-temperature lattice parameters for
Ca(Fe,_,Ni,),P, and Ca(Ni;_,Co,),P,. Inset: XRD pattern and re-
finement for Ca(Fe0'6C00'4)2P2.

CaCo,P, were made by mixing powder of Ca, FeP(CoP),
and P at the ratio of 1.1 Ca: 2 FeP (CoP): 0.1 P. CaNi,P, was
made from a mixture of the powder of Ca, NisP, and P at the
ratio of (1.1Ca: 0.4NisP4:0.5P). The mixtures were placed in
alumina crucibles and sealed in evacuated silica tubes and
then heated up to 900 °C for 1 h. In the last step, the results
were ground and mixed as Ca(Fe,_,Co,),P, and
Ca(Ni,_,Co,),P, for 0=x=1, heated at 1000 °C for 12 h;
then the sintered pellets were reground and subsequently
pressed into pellets, which were sintered at 1100 °C for 40
h. All the samples were characterized by laboratory x-ray
diffraction with Cu K« radiation (D8 Focus, Bruker) at room
temperature. Structure analysis was performed by using the
program GSAS with EXPGUL2%2! All physical property char-
acterization was performed on a Quantum Design Physical
Property Measurement System. The neutron-scattering ex-
periments were performed on the triple-axis spectrometers
BT7 with a closed cycle “He cryostat at NIST Center for
Neutron Research. Pyrolytic-graphite crystals were used to
monochromate and analyze the incident and scattered beams
using the 002 reflection, respectively.

III. RESULTS
A. Structural variation

Figure 1 shows the room-temperature lattice parameters
(I4/mmm, No.139) for Ca(Fe,_,Co,),P, and
Ca(Ni,_,Co,),P, as a function of Co concentration. While
the ¢ axis, a measure of the unit cell perpendicular to the
T,X, layers decreases monotonically from 7=Fe to Co and
then to Ni, the a axis, a measure of the 7,X, in-plane dimen-
sions, changes in a non-Vegard’s-law manner and shows a
minimum value at Ca(Fe(Co4),P,. Given that the Gold-
schmidt radii of Fe, Co, and Ni atoms decrease only slightly
with electron count,?? this non-Vegard’s-law behavior clearly
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FIG. 2. (Color online) Interlayer P-P bond length and intralayer
T-P and T-T (T=Fe, Co, and Ni) bond lengths for Ca(Fe;_,Co,),P,
and Ca(Ni;_,Co,),P,. All the lines are guides to the eyes. Inset: the
structure of CaT,P, unit cell.

reflects an unusual underlying change in electronic structure
in the T,X, layers (vide infra for detailed discussion). The a
axis only varies ~2% for the whole series, less than the
relative change in radii and much less than the 6% variation
in the ¢ axis.

The origin of the difference between the variation in the
interlayer and intralayer dimensions is seen clearly in the
variation of the P-P, T-T, and T-P (T'=Fe, Co, and Ni) bond
lengths (Fig. 2). While the interlayer P-P bond length mono-
tonically decreases by ~20% from 2.74(1) A for CaFe,P, to
2.28(1) A for CaNi,P,, the intralayer 7-T bond length
(=a/\2) and T-P bond length vary only ~2-3 %. Thus the
primary effect of changing the electron count by 2e per tran-
sition metal, on going from Fe to Ni, is to change the
strength of the P-P bond. The shape and dimension of the
TP, tetrahedra change very little across the two series
whereas the distance between the 7,P, layers drops signifi-
cantly with increasing d electron count due to the increasing
strength of the P-P bond.

B. Magnetic properties of Ca(Fe,_,Co,),P,

Figures 3 and 4 present temperature and field-dependent
magnetizations for the Ca(Fe,_,Co,),P, series, respectively.
Iron doping suppresses the magnetization of CaCo,P, dra-
matically: only when x=0.95, does M(T) show a weak
anomaly at Ty, consistent with on-site A-type AFM ordering.
This AFM order is then suppressed for Fe concentrations
larger than 10%. Small, temperature-independent Pauli para-
magnetism is seen for Fe concentrations higher than 50%.
This change in properties may be correlated with the
anomaly in the a-lattice parameter change at x~0.4. The
inset of Fig. 3 shows that the high-temperature magnetization
of Ca(Fe,_,Co,),P, displays Curie-Weiss (C-W) behavior
with negligible temperature-independent part (y,) for x
=(.7. The parallel character of the 1/y data sets reflects an
invariant value of effective moment per transition-metal
atom (u,r/ TM, TM=Fe,_,Co,), and a monotonically de-
ceasing value of Curie-Weiss temperature (fqy) with Fe
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FIG. 3. (Color online) Temperature-dependent M/H for repre-
sentative members of the Ca(Fe;_,Co,),P, solid solution in wuoH
=1 T. The two arrows indicate the AFM transitions for x=1 and
0.95. Inset: high-temperature Curie-Weiss behavior for x=0.7. The
red lines show the C-W fit.

doping (see Fig. 12). All these features indicate that the elec-
trons associated with the Co and Fe atoms cannot be viewed
as simple, local-moment-bearing magnetic impurities in the
Ca(Fe,_,Co,),P, solid solution. The magnetic-property
variation associated with Fe doping in this series must be
dependent on electron-structure changes near Ep, primarily
arising from the decreasing strength of the P-P bond with
increasing x.

Figure 5 shows the low-temperature specific-heat data for
selected members of the Ca(Fe,_,Co,),P, series. For x
=0.7, the data sets show FL behavior (C,=y,T+BT°). The
Y value increases with x, from ~5 mJ/mol K? for x=0 to
~12 mJ/mol K? for x=0.7. For x=0.9, the C,/T data devi-
ate from FL behavior below 10 K, start to increase below 7
K, and lead to C,/T=25 mJ/mol K* at 2 K. The magnetiza-
tion data indicate that the system is approaching a magnetic
instability when x=0.9 (Figs. 3 and 4). Therefore the devia-
tion from FL behavior and large C,/T at 2 K must be due to
magnetic fluctuations near this critical point. When x=1, the
C,/T data again show FL behavior with ¥,=15 mJ/mol K?,
although CaCo,P, has an AFM ground state. This smaller
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FIG. 4. (Color online) M(H) at 1.8 K for Ca(Fe;_,Co,),P,.
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FIG. 5. (Color online) Low-temperature specific heat for the
selected members of Ca(Fe;_,Co,),P, in H=0 (plotted as C,,/T vs
72).

value of 7y, at x=1 indicates that magnetic fluctuations of the
conduction electrons have been suppressed by the AFM or-
dering.

C. Magnetic properties of Ca(Ni;_,Co,),P,

The magnetic properties of Ca(Ni,_,Co,),P, are signifi-
cantly different from Ca(Fe,_,Co,),P, (Figs. 6 and 7). When
Ni is doped into CaCo,P,, the AFM transition shows a more
pronounced feature in the temperature-dependent magnetic
susceptibility than is seen for CaCo,P, (Fig. 6). The mag-
netic signal below Ty is also significantly suppressed for x
=(.7. When x=0.65 while a high applied field (uoH=1 T)
suppresses the magnetic-ordering feature, the magnetization
measured in low field (uoH=0.1 T) shows a sharp feature at
10 K in a zero-field-cooled (ZFC) warming measurement
(inset of Fig. 6). The field-cooled (FC) cooling measurement
shows slightly larger signals than the ZFC warming measure-
ment below 10 K but both sets of data are not typical of
spin-glass behavior associated with spin freezing.”> We con-

10 —— . ; .
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FIG. 6. (Color online) Temperature-dependent M/H for
Ca(Ni;_,Co,),P, solid solution (0.7=x=1.0) in uyH=1 T. The
arrows indicate the AFM transitions. Inset: low temperature, ZFC
warming and FC cooling M/H for Ca(Nig35C0(¢5),P> in poH
=0.1 T.
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FIG. 7. (Color online) Temperature-dependent M/H for
Ca(Ni;_,Co,),P, solid solution (0=x=0.6) in uogH=1 T. Inset:
high-temperature C-W behavior for x=0.3. The red lines show the
C-W fit.

clude that the magnetic transition in Ca(Nig 35C0( 65)2P» at 10
K is more like an AFM ordering associated with some spin
frustration. For 0.3=x<0.65, the M/H data lose the AFM
ordering feature and start to show C-W behavior down to
low temperature (Fig. 7). For x<0.1, the M/H data become
small and temperature independent, reflecting a Pauli para-
magnetic state (Fig. 7).

The M(H) curves at 1.8 K for x=0.7 are clearly of the
AFM type (Fig. 8). The M(H) curves show a faint slope
change at various H for 0.7=x=0.9 (pointed by the arrows
in Fig. 8), most likely due to spin reorientation driven by the
applied field. The M(H) curve for Ca(Ni 35C0q ¢5)-P> is only
linear for uoH <2 T, which indicates that the magnetic cou-
pling is weak and easily suppressed by the applied field. For
x=0.6, the M(H) curves are more like Brillouin function, as
associated with free, noninteracting local moments. For x
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FIG. 8. (Color online) M(H) at 1.8 K for Ca(Ni;_,Co,),P,.
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FIG. 9. (Color online) Low-temperature specific heat (plotted as
C,/T vs T?) for the selected members of Ca(Ni;_,Co,),P, in H=0.
The data for x=0.6 were measured in ugH=0 and 9 T (pointed by
the arrows). Inset: C, vs T for x=0.5 (the arrow shows the
anomaly).

=0.5, the magnetization data show a small spontaneous mag-
netization signal, which may indicate the presence of a very
small, FM component. This FM-like behavior for
Ca(Nij sCoq5),P, is consistent with its specific-heat data,
which show a faint feature at 3.4 K (inset of Fig. 9). This
faint feature may indicate a weak magnetic ordering. Given
that the x=0.6 sample shows no sign of magnetic ordering in
the susceptibility data (see Figs. 7 and 8), the reentrance of a
magnetically ordered state for x=0.5 is unexpected and
should be studied in the future.

The low-temperature specific heat for Ca(Ni,_,Co,),P,
shows FL behavior for x=0.3 with vy, values increasing with
Co concentration (Fig. 9). For x=0.5, C,/T shows a faint
feature at 3.4 K unlike the typical A-like feature associated
with a second-order phase transition. The C,/T data show a
clear upturn with decreasing temperature for x=0.5 and 0.6.
These upturn features are most likely contributed from mag-
netic fluctuations, which can be suppressed by the applied
field, as shown for x=0.6 at 9 T. The low temperature C,/T
for x=0.8 shows similar FL behavior with 1,
=15 mJ/mol K? in the AFM state.

Figure 10 shows the temperature-dependent resistivity
(normalized by the resistivity at 300 K) for Ca(Ni,;_,Co,),P».
The values of p, x/psoy x increase with Ni concentration,
leading to a maximum value (p, /P30 k ~0.9) at x=0.65;
they then decrease down to a minimum value (p; x/p300
~0.1) at x=0. For x=0.65, the resistivity data show clear
slope-change behavior at the magnetic-ordering temperature.
This behavior is most likely due to the loss of spin-disorder
scattering that occurs with magnetic ordering. The resistivity
curves show a slight increase with decreasing temperature
for 0.3=x=0.65, which is reminiscent of the behavior of
C,/T at low temperature. This upturn behavior cannot be
explained by the effect of simple, lattice-disorder scattering
but must be due to the magnetic scattering of conduction
electrons arising with decreasing temperature.

As noted, the temperature-dependent magnetization for
Ni-doped CaCo,P, shows more pronounced AFM ordering
features than CaCo,P,. The O~y values drop dramatically on
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FIG. 10. (Color online) Resistivity for Ca(Ni,_,Co,),P, (nor-
malized by p3gy k). Inset: low-temperature part. The arrows show
the points of slope change corresponding to Ty.

Ni doping, from 20 K (x=1) to =160 K (x=0.8) (see Fig.
12). This large, negative 6y indicates stronger AFM cou-
pling of magnetic moments than is seen for the A-type AFM
coupling in CaCo,P,. The magnetization data suggest that
the magnetic ground state may be different for lightly Ni-
doped CaCo,P,. In order to explore the possible magnetic-
structure change in this series, neutron-powder diffraction
was performed on Ca(Niy,Cogg),P, at a low temperature
(6 K) and a temperature (80 K) above its Ty (65 K). Figures
11(a) and 11(b) show the low-angle diffraction patterns at 6
and 80 K, and the difference between the data at these two
temperatures, respectively. While both data sets show clear
diffraction peaks corresponding to the nuclear-structure dif-
fraction, the difference shows no additional diffraction peaks
arising from long-range magnetic ordering. The (001) peak
arising from the A-type AFM superstructure for the parent
compound CaCo,P, has been observed previously via pow-
der neutron scattering under similar conditions.® Therefore,
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FIG. 11. (Color online) (a) Neutron-scattering measurements for
Ca(Niy,Co g),P5 at 6 and 80 K; and (b) the difference between the
two measurements.
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FIG. 12. (Color online) Summary of physical properties for the
Ca(Fe,_,Co,),P, (left) and Ca(Ni,_,Co,),P, (right) series (all lines
are guides to the eye). Upper: Ty and 6cy; middle: effective mo-
ment (.7 per transition metal ), zero-temperature susceptibility
(x7=0~M/H at 1.8 K); and lower: C,/T at 2 K. Inset in the middle
panel: 7o for Ca(Fe,_,Co,),P, with the unit of emu/mol-T*1073,

our negative result may indicate the disappearance of A-type
AFM ordering with Ni doping. Further measurements are
needed to determinate the nature of the magnetism present in
the Ni-doped materials.

IV. DISCUSSION AND CONCLUSION

The physical properties of Ca(Fe,_,Co,),P, and
Ca(Ni,_,Co,),P, are summarized in Fig. 12. Both series
show high-temperature C-W behavior with less than 30% Fe
doping and 70% Ni doping. Both Ty and 6w of CaCo,P, are
suppressed monotonically with doping but the effect is more
pronounced with Fe as opposed to Ni doping. The effective
moment (per transition metal) remains a constant with Fe
doping. The Ilarge, negative 6oy of -700 K in
Ca(Fe(3Coq.7),P, (not shown in the plot) may indicate weak,
itinerant-magnetic behavior near this region. fcw and s
display more complicated variation with Ni doping. €y first
decreases to a minimum value ~—160 K at 20% Ni and then
increases to a local maximum value close to 0 K at 50% Ni
before finally decreasing. w,;r shows a maximum value of
~2.3 up/TM for 20% Ni that corresponds to a minimum
point for fcw. The variation in u, s with Ni doping indicates
that the magnetic property changes within this series are
most likely associated with anomalous band-structure
changes, rather than with simple, local-moment bearing
physics associated with localized magnetic-impurity doping
(Fig. 13).
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FIG. 13. (Color online) The structural and magnetic phase dia-
gram for Ca(Fe,_,Co,),P, and Ca(Ni,_,Co,),P,. A-AFM: A-type
antiferromagnetic, AFM-?: antiferromagnetic with unknown
structure.

The values of C,/Tr_, x (=7, for FL state) show two
maxima for Ca(FeOJCOO_g)zPZ and Ca(Ni0.4C00.6)2P2. Both
maxima occur at the borderline of magnetic instability. The
large values of Cp/Tr—, ¢ are due to magnetic fluctuations
arising from electron correlations. The zero-temperature sus-
ceptibility (y7—o) starts to increase with Co concentration at
x=0.5 for Ca(Fe,_,Co,),P, and reaches a maximum value
when x=1 (inset of Fig. 12). The xy-o values for
Ca(Ni,_,Co,),P, are 10> times larger than for
Ca(Fe,_,Co,),P, and show a clear maximum for x~0.5.
This maximum corresponds to a FM coupling of the mag-
netic moments. The variation of Cp/T7_, i is consistent with
that of y7—¢, which indicates that both values reflect an un-
derlying evolution of electronic correlations for the whole
system.

Previous studies show that the stability of the P-P bond,
which determines whether or not the cT or ucT phase forms,
is correlated with the number of electrons that are contrib-
uted by the transition metal.” As shown in Fig. 1, the P-P
bond length is significantly larger (~20%) for CaFe,P, than
for CaNi,P,, which indicates that CaNi,P, is actually more
“collapsed” than CaFe,P,. This different structure of the cT
phases of CaT,P, can be observed in the lattice-collapse
transition for 7=Fe, Co, and Ni as well. Our previous studies
showed that the variation in the lattice parameters for the
Sr;_,Ca,Co,P, family is actually more dramatic than for
Sr;_,Ca,Fe,P,, even though both series are believed to pass
through a lattice collapse transition upon increased Ca dop-
ing. For ANi,P, compounds the lattice collapse transition is
always first order and the P-P interlayer distances do not
show any intermediate values between the nonbonding and
bonding state.'3?*

Theoretical studies show that the interaction of the P-P
orbitals and the d orbitals of the transition metals results in
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an electron-filling change in the P-derived orbitals.”%17:18.25

One argument is that when Ej. sinks from the Mn side to the
Cu side of the 3d metal series, the depopulation of P-P dimer
antibonding band leads to increase P-P bond strength.” Oth-
ers argue that increasing the d-electron count leads to the
filling of the P-P bonding band and the antibonding 7-P and
T-T bands.’ The intralayer 7-T and T-P bonds are therefore
weakened by d-electron filling, which leads to a larger intra-
layer dimension and shorter interlayer distances for simple
geometric reasons.” Two different effects of the d-electron
filling have therefore been proposed for making the P-P bond
shorter: one is an electronic effect due to the population and
depopulation of the P-P dimer bonding and antibonding
band, and the other is a geometric effect due to the weaken-
ing of the 7-T and 7-P bonds.

The variation in the lattice parameters and bond lengths of
the Ca(Fe,_,Co,),P, and Ca(Ni,_,Co,),P, series provides in-
formation about the correlation between the d-band filling
and P-P bonding. In both series, the P-P bond length de-
creases monotonically, and the 7-P bond length increases
monotonically with increased electron doping, consistent
with the calculation results.” The minimum 7-T bond length
at Ca(Fe( Coq4),P,, which was not predicted by any theo-
retical studies, indicates that a simple-geometric effect can-
not be the primary reason for the P-P bond variation, at least
for the Ca(Fe,_,Co,),P, series. The P-P bond length at this
minimum point is 2.6 A, which is same as the P-P bond
length in the Sri_,Ca,Co,P, system for x=0.9. In the
Sr;_,Ca,Co,P, series, x=0.9 is believed to be the critical
point at which the P-P bond is fully formed.! This corre-
spondence suggests that the intralayer dimensional variations
in this family are more likely the result of P-P bond making
and breaking than geometrical considerations. The electron-
electron interaction is another effect correlated with the
anomalous change in 7-7 bond length. As shown in Fig. 12,
the increase of y;—, for Ca(Fe,_.Co,),P, is accompanying
the anomalous 7-7 bond length variation. Further band-
structure calculations are needed to investigate this interest-
ing relationship.

The crystal and band structure are consistent with the
magnetic  properties of the Ca(Fe,_,Co,),P, and
Ca(Ni,_,Co,),P, series. Although Fe and Ni are not simple
magnetic “impurities” in CaCo,P,, Ni doping clearly intro-
duces more complicated and localized magnetic behaviors.
Similar Ni-induced localization was also observed in the iso-
structural T1(Co,_,Ni,),Se, system.”® Two factors can ex-
plain the more localized character for Ni doping: one is that
the 3d band for Ni is narrower than Fe and the other is that
the Ni-P bond is weaker than the Fe-P bond.'” The weaker
Ni-P bond likely introduces a more localized d-electron be-
havior. The A-type AFM ordering in CaCo,P, is due to its
relatively strong, intralayer FM interactions and relatively
weak, interlayer AFM interactions. Following the P-P bond
length variation, the magnetic interaction between the layers
is expected to be stronger for Ni-rich members than for the
Fe-rich members of this family. Therefore, with increased Ni
doping, Ca(Ni,_,Co,),P, might have stronger interlayer
AFM coupling, which suppresses Gcw.

With few exceptions, the iron phosphides always show
much lower T, than iron arsenides.”’?® The 122 iron phos-
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phides do not show any superconducting while the 122 iron
arsenides show that T is as high as 38 K in Ba;_ K Fe,As,.
One explanation is that the iron phosphides have much larger
P-Fe-P bond angles than the ideal tetrahedral angle of
109.47°. In iron arsenides the highest 7 is found for the
ideal tetrahedron.”® Our study shows that the P-7-P bond
angle is nowhere near 109.47° for any Fe-Co or Ni 122
phosphides. de Haas-van Alphen measurements show that
the 122 iron phosphides lack Fermi surface nesting com-
pared to the analogous arsenides,!! which may be due to the
tetrahedron distortion for the phosphides. The A-type AFM
ordering in CaCo,P, also indicates that the magnetic interac-
tion in the 7,P, layers in the phosphides is FM while in the
parent compounds of iron arsenides the magnetic ordering is
more frustrated, stripelike AFM. The frustrated AFM inter-
action in iron arsenides is believed to induce the structural
distortion?® and maybe the SC ground state, and this would
not occur in the phosphides.

In conclusion, our experimental results reveal anomalous,
non-Vegard’s law a-axis variation in Ca(Fe,_.Co,),P,. This
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anomaly indicates an underlying intralayer, electronic-
structure change correlated with a monotonically decreasing
interlayer P-P bond length upon electron doping. Both
Ca(Fe,_,Co,),P, and Ca(Ni,_,Co,),P, evolve from a Pauli
paramagnetic (CaFe,P, and CaNi,P,) to antiferromagnetic
(CaCo,P,) ground state with Co doping, through variation in
the band structures. However, Ca(Ni,_,Co,),P, shows a
more localized-electron behavior that results in more compli-
cated magnetic phase transitions. The most significant effect
of changing electron count on going from CaFe,P, to
CaCo,P, to CaNi,P, is to change the strength of the inter-
layer P-P bond; this unique change in structure, rather than
simple rigid-bandlike d-orbital filling, must be driving the
differences on observed physical properties.
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