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Lattice collapse and the magnetic phase diagram of Sr;_,Ca,Co,P,
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We report that the 122-type Sr;_,Ca,Co,P, solid solution undergoes an anomalous structural transition from

the uncollapsed to the collapsed ThCr,Si, structure at a distinct onset composition near x=0.5. Correlated with
the structural changes, the electronic system evolves from a nearly ferromagnetic Fermi liquid to an antifer-
romagnetic metal, through a complex crossover regime. The structural collapse, driven by P-P bonding across
the (Sr,Ca) layers, is much more pronounced in this system than it is in the analogous Fe-based system,
indicating a strong sensitivity of structure to total electron count in the transition-metal pnictide 122 family.
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I. INTRODUCTION

The layered ThCr,Si, 122 structure type is commonly ob-
served for AT,X, compounds based on large (A), transition
metal (7), and metalloid (X) atoms.! In this 122 structure, the
T,X, layers, made from edge-sharing 7X, tetrahedra, display
a wide range of properties, from magnetic ordering to super-
conductivity. Early theoretical investigation of this structure
type argued for the critical importance of the shape of the
TX, tetrahedra and X-X bonding across the A layers in deter-
mining the electronic states at the Fermi level.> This has
again come to the fore in recent research into the structure-
property relationships in the iron pnictide
superconductors.> One structural feature of particular inter-
est in the 122 transition-metal pnictides is the so-called lat-
tice collapse: some AT,P, and AT,As, compounds manifest
significantly smaller ratios of stacking to in-plane lattice pa-
rameters (c/a) than are expected from simple atomic size
considerations.® These are called “collapsed tetragonal” (cT)
cells, and occur because X-X bonding between 7,X, layers
pulls the layers closer and induces a relaxation of the in-
plane lattice dimension. The materials with uncollapsed
(ucT) cells are more normal representatives of the structure
type, with no X-X bonding present. In some cases the lattice
collapse causes a significant difference in Fermi-surface
topology.” CaFe,As, undergoes a first-order transition from
an ucT to a cT phase under pressure.'?

Here we describe the correlations between structure and
properties for the Sr;_,Ca,Co,P, solid solution. The pure Sr
and pure Ca end members show a highly anomalous differ-
ence in c/a, indicative of a transition from ucT to cT
phases.®!! Unlike what is expected from simple Vegard’s law
behavior, here we show that the collapse onsets suddenly in
the middle of the solid solution series, even though it is
driven by smoothly increasing P-P bonding across the
(Sr,Ca) layer. The magnetic properties of the end member
compounds are distinct: SrCo,P, is a nearly ferromagnetic
(FM) metal with strongly temperature-dependent magnetic
susceptibility, whereas CaCo,P, displays an antiferromag-
netic (AFM) transition in which the cobalt moments are or-
dered ferromagnetically within the basal ab plane but anti-
ferromagnetically along the ¢ axis (A-type AFM).%!!
Employing diffraction, thermodynamic, magnetic, and trans-
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port measurements, we show that the changes in the mag-
netic properties of the solid solution correlate with the struc-
tural anomalies. The ground states vary from nearly
ferromagnetic Fermi liquid (NFFL) to AFM, then to FM like,
and finally back to AFM. The correlations between the struc-
ture and magnetic properties indicate that the electronic
structure at the Fermi level for Sr;_.Ca,Co,P, is exception-
ally strongly dependent on variations in P-P bonding when
compared to other compounds in the same structural family.

II. EXPERIMENTAL METHODS

Polycrystalline samples were prepared from elemental P,
Sr and Ca, and CoP powder.'>!3 All the samples were char-
acterized by laboratory x-ray diffraction with Cu K« radia-
tion (D8 Focus, Bruker). In order to characterize the shapes
of the CoP, tetrahedra and the P-P distances between layers,
selected samples, with nominal x equaling 0, 0.2, 0.4, 0.6,
0.7, 0.8, 0.9, and 1.0 were measured by synchrotron powder
x-ray diffraction (SXRD) at room temperature at beam line
X16C at the National Synchrotron Light Source at
Brookhaven National Laboratory. Structure analysis was per-
formed by using the program GSAS with EXPGUL'4!> The
refined Ca concentrations x were 1-5% larger than the nomi-
nal x. Therefore, the x values for all samples with the excep-
tion of x=0 and 1 were linearly calibrated to the true refined
values.'® All physical-property characterization was per-
formed on a Quantum Design physical-property measure-
ment system.

III. RESULTS

The lattice parameters of the Sr;_,Ca,Co,P, series vary
dramatically with composition (Fig. 1). The ¢ axis, a mea-
sure of the unit-cell perpendicular to the 7,X, layers, de-
creases monotonically, but nonlinearly, with x. The a axis,
however, a measure of the 7,X, in-plane dimensions,
changes in a highly non-Vegard’s-law, S-shape manner with
composition, showing minimum and maximum values at
x~0.4 and 0.9, respectively. There are no two-phase regions
in the series; although the onset of the a axis change is sud-
den, the changes are continuous. The anomalous lattice-
parameter variation clearly reflects an unusual underlying
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FIG. 1. (Color online) The lattice parameters for Sr;_,Ca,Co,P,
and Sr;_,Ca,Fe,P,.

change in electronic structure that onsets suddenly when pro-
ceeding from the ucT (Sr) to the ¢T (Ca) phases. The lattice
parameters of the Sr;_,Ca,Fe,P, series (made by the same
method as the Co samples), by contrast, do not show simi-
larly anomalous variations. Figure 2 shows the detailed char-
acterization of the crystal structures of Sr;_.Ca,Co,P, series
determined by SXRD. As x increases from O to 1, the P-P
distance across the Sr;_,Ca, intermediary layer decreases
substantially, from 3.3 to 2.4 A. The P-P separation changes
monotonically with composition. In strong contrast both the
Co-Co distance (equaling a/y2 and varying from 2.68 to
2.74 A) and Co-P-Co tetrahedral angle (varying from 115°
to 121°) vary in an unexpected fashion with composition. In
addition to a distinct onset of a dramatic change at x=0.5,
they display anomalous maxima at x~0.9 (Fig. 2).

Figures 3 and 4 present the magnetic properties for
representative members of the series. The whole series
manifests high-temperature Curie-Weiss (CW) behavior
[X(T)=C/(T- 6cw) + xol, with nearly parallel H/M curves
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FIG. 2. (Color online) P-P and Co-Co bond length, as well as
the Co-P-Co tetrahedral angle for Sr;_,Ca,Co,P,. Inset: the struc-
ture of CaCo,P, unit cell.
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FIG. 3. (Color online) Temperature-dependent M/H for repre-
sentative members of the Sr;_,Ca,Co,P, solid solution. (a): x=0,
0.33, and 0.44; (b): x=0.75-0.49 (c): x=0.80, 0.95, and 1.0. Inset:
x=0.85 (arrow shows the transition point).

(Fig. 4), indicating similar values of effective moment (x,/)
per Co and differing values of Curie-Weiss temperature
(Ocw). At x=0, SrCo,P, shows an enhanced, temperature-
dependent, paramagnetic susceptibility [ x(7)] with a broad
maximum [Fig. 3(a)] that is typical of nearly FM
materials.!”~!® As the Ca content x increases from 0 to 0.44,
x(T) changes very little.

For x>0.44, x(T) increases with increasing x, and the
broad maximum in y(7) evolves to a more pronounced fea-
ture as x=0.54 [Fig. 3(b)]. For x=0.54, a sharp maximum in
x(T) develops, indicating the appearance of an AFM transi-
tion. The M(H) curves at 1.8 K in this composition regime
are consistent with an AFM ground state [inset of Fig. 3(c)].
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FIG. 4. (Color online) High-temperature Curie-Weiss behavior
for representative members of the Sr;_,Ca,Co,P, solid solution.
Inset: M(H) at 1.8 K.
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FIG. 5. (Color online) (a) Temperature-dependent resistivity,
which has been normalized by the high-temperature slope of all
resistivity data to that of SrCo,P, (the arrows show the temperature
where the slope changes) and (b) low-temperature resistivity versus
T?%; inset of a: low-temperature specific heat for x=<0.54.

Both x(7) and the AFM ordering temperature (7Ty) increase
as x increases, leading to atypical x(7) behavior for
0.80=x=0.95 [Fig. 3(c) and inset of Fig. 3(b)]. The M(H)
data in this composition regime at 1.8 K (inset of Fig. 4)
show small values of spontaneous magnetization
(~0.05u5/Co for x=0.85), which are much less than the
high-field values. This indicates that the magnetic ground
state associated with these compositions is somewhat
complex—with a small FM component, rather than being a
normal FM or AFM state. For x>0.9, the M(H) data shows
no spontaneous magnetization and x(7) decreases dramati-
cally with increasing x. The magnetic ordering temperature
also drops with increasing x, leading to 7\=87*3 K for
x=1. This Ty for CaCo,P, is lower than previously reported
(113 K) (Ref. 11) but is consistent with the rest of our series,
possibly reflecting a subtle difference in stoichiometry for
samples made by different methods.

Figure 5(a) shows that the temperature-dependent resistiv-
ity data manifest a clear slope change due to magnetic order-
ing for x=0.64 but show no anomaly for x=0.54. For
x=0.54, the low-temperature resistivity data show FL be-
havior [p(T)=py+AT?] below a characteristic temperature
[Fig. 5(b)]. The A values increase and the characteristic tem-
peratures decrease as x increases. The low-temperature
specific-heat data for x=0.54 [inset of Fig. 5(b)] show clear
FL behavior (C,=y,T+ BT?), associated with very similar,
intermediate magnitude 7, values (~20 mJ/mol CoK?).

The physical properties of Sr,_,Ca,Co,P, are summarized
in Figs. 6 and 7. The data show that the magnetic properties
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FIG. 6. (Color online) Summary of physical properties for the
Sr;_,Ca,Co,P, series (all lines are guides to the eye). (a) Effective
moment (u,z;) and Curie-Weiss temperature (fcy) and (b) zero-
temperature susceptibility (~M/H at 1.8 K), vy, and A"? for the
compositions showing FL behavior

for the series are strongly correlated with the variation in the
structure (see Figs. 1 and 2). The values of w,z vary in an
S-shape manner with minimum and maximum values at
x=0.5 and 0.85, respectively. fcw varies from negative to
positive on going from x=0.0 to x=1.0, showing a crossover
from dominantly antiferromagnetic to dominantly ferromag-
netic interactions near x ~ 0.45, corresponding to the onset of
the structural collapse, and showing a maximum value of
approximately 100 K at x~ 0.8 [Fig. 6(a)]. Figure 6(b) shows
that, as x increases, the values of the zero-temperature sus-
ceptibility (7o) change relatively little for 0 =x=0.45, and
then increase at higher x, becoming divergent for x>0.8
where a spontaneous magnetization develops. x7- then de-
creases again for x>0.9. The values of ¥, and A2, which
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FIG. 7. (Color online) The electronic and structural phase dia-
gram for Sr;_,Ca,Co,P,. ucT and cT: uncollapsed tetragonal and
collapsed tetragonal; NFFL: nearly ferromagnetic Fermi liquid;
AFM and FM: antiferromagnetic and ferromagnetic order.
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are proportional to the effective mass of the quasiparticles in
FL theory, change little for x<<0.5, consistent with the be-
havior of 7.

The electronic and structural phase diagram is summa-
rized in Fig. 7. The data show that the system evolves from a
NFFL ground state to an AFM ground state through a
crossover composition regime near x=0.5. Then, for
0.8<x=0.9, the system manifests a FM-like ground state
within which the magnetic ordering temperature is highest
near x=0.9. For x>0.9, an AFM ground state reappears.

IV. DISCUSSION AND CONCLUSION

The structure and physical property changes in the iso-
electronic Sr;_,Ca,Co,P, solid solution are driven by the
change in character of the P-P bond across the alkaline-earth
layer. As previously described,” the P-P separation in the
CaCo,P, cT phase (~2.3 A) is very close to that of a full
P-P single bond, yielding an effective electronic configura-
tion of [P-P]™. In the ucT phase SrCo,P,, the P-P distance
(3.3 A) is a nonbonding separation and thus each P can be
considered formally as P~3. A transition from a nonbonding
to a bonding P-P system as x varies from O to 1 can therefore
be anticipated but how that occurs for Sr;_.Ca,Co,P, is sur-
prising.

As x first increases, from O to 0.4, both a and ¢ decrease
slowly, indicating that the slowly increasing P-P hybridiza-
tion has minimal impact on the electronic system. The re-
placement of Sr>* by smaller Ca?* in this composition re-
gime can therefore be considered as a simple hydrostatic
pressure effect. The P-P separation decreases continuously
on increasing x and when it reaches a value shorter than
3.1 A, near x=0.4, the localization of electrons in the P-P
pairs begins to impact the distribution of electrons in the
Co,P, layers, seen dramatically in the changes in the a axis.
The unexpected behavior is that the slowly changing P-P
bonding character, as seen in the continuously changing P-P
bondlengths, induces a relatively sudden crossover of behav-
ior of the in-plane Co-P electronic system. In this composi-
tion regime, there appears to be a sudden onset to the redis-
tribution of charge within those layers in response to the
continuously increasing strength of the P-P bond. The Co-P
bondlength changes little across the series (2.23-2.25 A),
indicating that the total charge in the Co,P, layers is con-
stant. For x larger than the other critical value, 0.9, with the
P-P distance shorter than 2.5 A, the single P-P bond appears
to be fully formed, and both ¢ and a decrease slowly with
increasing x, again appearing to be a simple chemical pres-
sure effect. The data in Fig. 1 show that the Sr,_.Ca Fe,P,
family does not show a similarly dramatic structural varia-
tion. The absence of this anomaly in the Fe case is interesting
since the P-P distances are similar to those in the Co system,
varying from 3.4 to 2.6 A, as one goes from Sr to Ca. The
difference must therefore be due to the difference in electron
count in the 7,X, layer.
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Although electronic-structure calculations and further ex-
periments are needed to fully understand the phase diagram,
some conclusions can be drawn from our observations. The
two-dimensional (2D), characteristic 122 structure of
SrCo,P, indicates that its Stoner enhancement interaction
mainly occurs within the Co,P, layer. This is consistent with
the fact that the Co moments in CaCo,P, ferromagnetically
couple within the basal plane. For x<<0.4, the nearly ferro-
magnetic FL ground state of Sr;_,Ca,Co,P, is almost invari-
ant (manifested in x7_, ¥, and A"?) because the P-P dis-
tance across the Sr,Ca layer has not reached a critical value
at which the P-P bond becomes strong. For x>0.4, u,/r de-
creases, reaches a minimum, and then increases again. If the
high-temperature CW behavior in these nearly FM com-
pounds is due to spin fluctuations associated with itinerant
electrons rather than local moments,” then the change in
Mepr With x might indicate that itinerant electron-spin fluctua-
tions are suppressed and local moments start to form in this
composition regime. This process of local-moment formation
is correlated with the onset of electron localization in P-P
bonds and the resulting redistribution of charge within the
CoP, tetrahedra. This leads to an AFM ground state for
0.6<x<0.8. Given the positive values of fcy, this AFM
state is presumably A type. The correlation between the mag-
netic ordering temperature and the Co-P-Co angle and
Co-Co distance indicates that both superexchange and direct
exchange are important; when the Co-P-Co angle and Co-Co
separation reach a maximum, a FM-like ground state appears
and the ordering temperature reaches its maximum value.
Although details of the magnetic structure of this FM-like
ground state are unknown, AFM to FM transitions strongly
correlated with the shape of CoX, tetrahedra have been seen
in other Co compounds in this structure type.”! For x>0.9,
the P-P bond is fully formed and the Co-P-Co angle de-
creases with x, leading to an AFM ground state with slightly
lower Ty.

In conclusion, our experimental results reveal highly
anomalous changes in crystal structure within the
Sr;_,Ca,Co,P, series and correlated magnetic property
changes due to the formation of P-P bonds across the Sr,Ca
layers that are induced by the substitution of smaller Ca>* for
Sr%*. Due to the continuous nature of the structural changes,
the Sr;_,Ca,Co,P, system offers a unique avenue for explor-
ing the evolution of pnictide electronic structures from 2D
like to three-dimensional like as a consequence of lattice
collapse in the 122 structure type. Further studies such as
pressure-dependent magnetic properties and neutron scatter-
ing on the compositions in the critical regions, would be of
interest.
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