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We report magnetization M, heat capacity C, and electrical resistivity p for single crystals of the itinerant
electron antiferromagnet CaCo,P, (Ty ~ 110 K). Measurements at ambient pressure reveal rich magnetic
behavior, where ferromagnetic correlations are present in the paramagnetic state and a subsequent feature is seen
at T} ~ 22 K within the ordered state. Heat-capacity measurements additionally reveal moderately enhanced
electronic correlations, as evidenced by the electronic coefficient of the specific heat y = 23 mJ/mol-K?, which
is large by comparison to closely related 122 analogs and the value predicted by electronic structure calculations.
Upon the application of pressure, Ty is suppressed toward zero. For P > 0.89 GPa, another phase transition
appears at 7, < Ty which is also suppressed by P. At P, &~ 1.4-1.5 GPa, Ty and T, drop abruptly to zero at a
putative quantum phase transition. For P > P., a broad shoulder in p(T) appears at 7*, which moves to higher
T and broadens with increasing P. We discuss possible scenarios to understand the phase diagram and compare
to other compounds which show similar P-driven behavior.
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I. INTRODUCTION

There have been extensive investigations of f-electron
compounds where a parameter § (e.g., pressure P, chemical
substitution x, or magnetic field H) tunes a second-order
magnetic phase transition to zero temperature, often as a
result of the delicate interplay between the Ruderman-Kittel-
Kasuya-Yosida interaction and the Kondo effect [1-4]. At the
resulting quantum critical point (QCP), emergent phenom-
ena including non-Fermi-liquid behavior and unconventional
superconductivity are often observed. These phase diagrams
share some similarities with those of the d-electron iron
pnictide and cuprate materials, where the high-temperature
superconductivity and deviations from Fermi-liquid behavior
appear to be related to the spin fluctuations that emerge as the
magnetic order is suppressed toward zero [5,6]. Unfortunately,
although it is attractive to apply this picture generically,
for a variety of reasons many d-electron magnets avoid
analogous behavior. For instance, while the magnetism of the
stoichiometric compounds MnSi [7-9] and ZrZn; [10-12] can
be suppressed by P, the phase transition is first order at all
P for MnSi and becomes first order near zero temperature for
ZrZn,, owing to the coupling between the fermionic modes
and the ferromagnetic critical fluctuations. There additionally
are many d-electron systems where chemical substitution
tunes the magnetism toward zero, e.g., (Ni;_,Pd,);Al [13]
and Cr;_,V, [14]. However, the disadvantage to chemical
substitution is that it typically introduces disorder, which
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obscures the ground-state behavior and/or destroys super-
conductivity. Therefore, there remains strong motivation to
search for additional d-electron materials where a QCP can be
accessed by a clean tuning parameter, such as pressure.

Given the vast number of known d-electron compounds,
it is useful to limit a search for quantum criticality by
applying some rudimentary arguments. For instance, layered
structures can promote interesting behavior since they often
favor a two-dimensional Fermi surface, which can enhance
electronic correlations and/or provide nesting between dif-
ferent Fermi-surface sheets. The ThCr,Si,-type structure is
a well-known example, with over 600 phases [15], many
of which exhibit unusual physics including quantum criti-
cal behavior (e.g., CePd,Si, [16] and YbRh,Si, [17]) and
high-temperature superconductivity (e.g., MFe,As;, where
M = Ca, Sr, Ba) [18]. Although significantly less well
studied than their As-based relatives, the phosphorous based
MT,P, compounds [19-21] (T = transition metal) and
related phases (e.g., LnFePO, where Ln = La-Sm [22-24])
also exhibit interesting behavior including complicated in-
terplay between superconductivity, magnetism, and structural
instabilities.

A particularly interesting example is CaCo,P,, which
crystallizes in the collapsed tetragonal (cT) ThCr,Si, phase
(MT;,X,), wherein the X-X bonding between neighboring
T-X layers reduces the interlayer distance and relaxes the
in-plane lattice constants, by comparison to the uncollapsed
(ucT) phase [25,26]. Such structural variability is of interest, in
part, because it modifies the Fermi surface: i.e., while the ucT
phase promotes a two-dimensional-like Fermi surface, the cT
phase favors three-dimensional behavior [27,28]. Additionally,
CaCo,P; exhibits itinerant electron antiferromagnetic ordering
at a Néel temperature 7y =~ 110 K where the magnetism arises
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from the Co ions, which are arranged ferromagnetically in the
a-b plane and antiferromagnetically along the c axis for T < Ty
[29]. A second characteristic temperature is seen at 77 ~ 20 K,
where the magnetic susceptibility decreases with decreasing
T . In contrast to the Pauli paramagnets CaFe,P, and CaNi,P,,
the magnetism in CaCo,P, is expected to be due to a narrow
3d electron band being found near the Fermi energy [30,31].
These observations motivated several recent studies, including
investigations of Sr;_,Ca,Co,P,, in which the evolution from
ucT for SrCo, P, to c¢T for CaCo, P, drives an unusual evolution
in the magnetic ground state, and Ca(Co;_, T ,),P, (T = Fe,
Ni), where electronic tuning and chemical pressure suppress
Tn toward zero temperature [19,32].

Herein, we report results for single crystals of CaCo,P,
under applied pressure. We first revisit the zero pressure be-
havior of the magnetization M, heat capacity C, and electrical
resistivity p. We show that antiferromagnetic ordering occurs
near Ty ~ 110 K which is followed by another feature at
T\ ~ 22 K. In addition, the magnetic susceptibility for 7' >
Tx reveals ferromagnetic correlations in the paramagnetic
state. We also confirm that the electronic coefficient of the
heat capacity is moderately large (y = 23 mJ/mol-K?) by
comparison to (1) related d-electron 122 compounds and
(2) the expected value for y in the unpolarized state predicted
by electronic structure calculations. This result suggests the
presence of moderate electronic correlations.

After establishing the zero pressure behavior, we explore
the influence of applied pressure on the electrical resistivity.
Here, we find that Ty is suppressed with increasing P and,
for P > 0.89 GPa, a second phase transition appears at 7, <
In. For P, ~ 1.4-1.5 GPa, Ty drops abruptly to zero at a
putative quantum phase transition (QPT), possibly indicating
that the transition to the ordered state becomes first order. The
low-temperature power-law dependence of the electrical re-
sistivity suggests Fermi-liquid behavior throughout the entire
phase diagram. We also find that although the Fermi-liquid
coefficient A begins to increase for P < 1.22 GPa (suggesting
quasiparticle mass enhancement) it is cut off before P.. For
P > P., A relaxes to smaller values with increasing P and a
broad shoulder appears at 7*, which moves to higher 7 and
broadens with increasing P.

II. METHODS

Single crystals of CaCo,P, were grown from elements in
a molten Sn flux, as reported previously [25]. The crystal
structure and chemical composition were verified by means
of single-crystal x-ray-diffraction and energy dispersive x-ray
(EDX) analysis, where we find the lattice constants a =
3.8647 A and ¢ = 9.5841 A (at 140 K) and the expected molar
ratio Ca:Co:P = 1:2:2. Magnetization M (T, H) measurements
were carried out for temperatures 7 = 1.8-350 K under an
applied magnetic field of H = 1 kOe and at T = 2 K up to
H = 60kOe for fields applied both parallel (||) and perpendicu-
lar (_L) to the ¢ axis using a Quantum Design magnetic property
measurement system. The specific heat C(T') was measured
for T = 1.8-120 K using a Quantum Design physical property
measurement system.

Electrical resistivity measurements for pressures P
< 1.52 GPa were performed using a BeCu/NiCrAl hybrid
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clamp-type pressure cell with silicone fluid as the pressure
medium, which provides a nearly hydrostatic environment.
The pressure at low temperatures was determined from the
superconducting resistive transition of Pb. Further electrical
resistivity measurements were performed under hydrostatic
pressures up to 5.3 GPa. Here, the high-pressure environment
was generated using a miniature clamped toroid-type anvil
cell [33,34]. The 122 crystal, along with a piece of Pb whose
superconducting transition temperature served as a measure
of the pressure, was placed in a teflon capsule filled with
glycerol-water (3:2 by volume) pressure-transmitting liquid,
which solidifies at room temperature near 5.3 GPa. The cell
assembly was cooled slowly from room temperature to 1.7
K. The width of the superconducting transition of Pb did not
exceed 10 mK at the highest pressure, an indication of good
hydrostatic conditions. Four-point resistivity measurements
were performed using an SR830 lock-in amplifier, SR554
transformer preamplifier, and a stable ac-current source [35].
The electrical contacts (Pt wire, 25 um in diameter) were at-
tached using micro spot welding. Three different samples (S1,
S2, and S3) were measured during the different experiments
in the two pressure cells, all of which revealed nearly identical
behaviors.

Electronic structure calculations are performed using the
WIEN 2K code [36] under the generalized gradient approxi-
mation and employing the exchange correlation potentials of
Perdew, Burke, and Ernzerhof [37].

III. RESULTS: P =0

The magnetic susceptibility x (T) = M(T)/H datafor H =
1 kOe applied parallel (]|) and perpendicular (L) to the ¢ axis
are summarized in Fig. 1(a). From 350 K, x(T) increases
with decreasing T and evolves through a hump near the Néel
temperature Ty = 110 K, as reported previously [25,29]. Curie-
Weiss (CW) behavior given by the expression

x(T)=C/T — ©) (D

is observed for 200 < T < 350 K, where ® = 92 K
(101 K) for H || (1) c, indicating ferromagnetic correlations
with little anisotropy [Fig. 1(b)]. The point of view that
ferromagnetic correlations are present for 7 > Ty is further
supported by the behavior of x7 [Fig. 1(b)], which is a
measure of the Curie constant C modified by (T — 6)~!. When
antiferromagnetic correlations are present (i.e., negative 6) or
if perr decreases with decreasing T (e.g., due to crystalline
electric-field splitting of the Hund’s rule multiplet), x T will
decrease. In contrast, x T increases with decreasing 7 only
when ferromagnetic correlations are present, as is seen in our
data. We additionally find that the Curie constants C yield
effective magnetic moments peg =~ 1.1ug/Co (1.0up/Co)
for H || (L) ¢, which are significantly reduced from that
of localized Co”* ions (ie = 3.87up/Co for Co** with
orbital quenching). We further point out that neutron-scattering
measurements show that the ordered moment ptoq = 0.32ug,
which is roughly one third of weg [29]. These results are
consistent with the magnetism arising from itinerant Co d
electrons. Following its initial increase, x T’ decreases for 7' <
Tx, revealing the onset of antiferromagnetic correlations in the
ordered state. Finally, x(7") goes through a sharp reduction at
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FIG. 1. (Color online) (a) Magnetic susceptibility x(7) =
M(T)/H data for H = 1 kOe applied parallel (||) and perpendicular
(L) to the ¢ axis. (b) Inverse magnetic susceptibility y ' and x T vs
T.(c)M vs H for H || and L ¢ for T =2 K.

a second characteristic temperature 77 =~ 22 K (25 K) for H ||
(L) c. This feature was reported previously by Reehuis ef al.
[29], but was not seen for polycrystalline specimens that were
recently investigated [19,32].

In order to further investigate the low-temperature mag-
netism, we performed magnetization M vs H measurements
at T = 2 K [Fig. 1(c)]. Here we find that for both field
directions the magnetization initially increases linearly with
increasing field, as expected for an antiferromagnetically
ordered state. For H | (L) ¢, we find evidence for a
metamagnetic phase transition near Hy;; = 10 kOe (12 kOe)
where the magnetization abruptly increases. Above Hy the
magnetization again increases nearly linearly, with slight
negative curvature.

Heat-capacity measurements are shown in Fig. 2(a), where
the dominant contribution to C/7T is the phonon term. A
lambdalike anomaly appears in C/T near Ty = 108 K
[Fig. 2(b)], in close agreement with our result from x(7),
with a jump size AC/T ~ 10 mJ/mol-K2. The shape of the
anomaly reveals that the phase transition at Ty is second order.
Careful examination of the heat-capacity data does not reveal
ajump near 7} = 22 K, although it is possible that if it is subtle
it might be hidden by the lattice contribution.

We fit the low-temperature data using the expression
C/T =y + BT? where y = 23 mJ/mol-K?> and 8 =
0.107mJ/ mol-K* (6p ~ 450 K) are the electronic coefficient of
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FIG. 2. (Color online) (a) Heat capacity divided by temperature,
C/T vs T, for CaCo,P,. (b) C/T in the vicinity of the Néel
temperature Tx. (c) C/T vs T? at low temperatures. The dotted line
that extends to 7' = 0 is a fit to the data using the expression C/T =
y + BT?, as described in the text.

the heat capacity and the prefactor to the phonon contribution,
respectively [Fig. 2(c)]. The value of y is enhanced by
comparison to the related P-based 122 compounds which do
not exhibit magnetic ordering (e.g., CaNi,P, and CaFe,P,
where y ~ 5 and 8 mJ/mol-K?, respectively [32]), suggesting
the presence of moderate electronic correlations. In order
to address this possibility, we show the projected electronic
density of states (DOS) for CaCo,P, in Fig. 3, which was
calculated in the unpolarized state. We find that there are two
sharp peaks in the total DOS near the Fermi energy, which
are due to the Co ions. The Fermi energy is located at the
minimum between the two peaks, resulting in a calculated
electronic coefficient of the specific heat y = 7.3 mJ/mol-K?.
Given that itinerant magnetism should gap parts of the Fermi
surface, thereby reducing the electronic specific heat, it is clear
that the experimental value of y = 23 mJ/mol-K? (which is
in the magnetically ordered state) is enhanced by comparison
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FIG. 3. (Color online) (a) The projected electronic density of
states (DOS) for CaCo,P,. Note that the Co atoms contribute the
dominant double peak structure near the Fermi energy.

094408-3



R. E. BAUMBACH et al.

PHYSICAL REVIEW B 89, 094408 (2014)

120 : : 60 120 : :
CaCo,P,
100 100
80 80
g 60 60
G
=
a 40 41 40
—1.05
P (GPa) ——1.13
20 —0 —1.27 20
—0.74 —1.39 P
0 0 ,——089 ——1.52(b) 0 . . (c)
0 100 200 300 0 20 40 60 80 100 O 100 200 300
T (K) T (K) T (K)

FIG. 4. (Color online) (a) Representative curves of electrical resistivity o vs temperature 7 for CaCo,P, under applied pressure P <
1.39 GPa. (b) p vs T for CaCo,P; for P < 1.52 GPa, emphasizing the low T region. (c) p vs T for CaCo,P, for P > 2.14 GPa.

to the band calculations. This result suggests the presence of
enhanced electronic correlations.

Taken together, the magnetization and heat-capacity data
reinforce the notion that CaCo,P; is a moderately correlated
itinerant electron antiferromagnet with 7y ~ 110 K. Our
measurements also emphasize that the magnetism is somewhat
complicated. Evidence for this is seen in (1) the presence of
ferromagnetic fluctuations for 7 > Ty, (2) the additional fea-
ture that is seen at 77, and (3) the metamagnetic transition seen
in M (H) at Hy;. We point out that the earlier neutron-scattering
results do not contradict our results regarding Ty and 7y, as
they merely show that there is a component of the magnetic
moment of the Co atoms which orders ferromagnetically in
the basal plane and antiferromagnetically along the c axis,
corresponding to a propagation vector k = (0, 0, 1). This
result does not rule out the possibility that the magnetically
ordered state is initially incompletely polarized, i.e., that small
perturbations to k occur with decreasing T at 7). In fact,
the temperature dependence of the intensity of the magnetic
(001)pm peak from neutron-scattering experiments undergoes
an increase roughly at 77 [29]. Further neutron-scattering
experiments will be useful to clarify this point.

IV. RESULTS: P >0

Figures 4(a)-4(c) present representative electrical resistiv-
ity data for CaCo, P, under applied pressure. Metallic behavior
is seen for all P with residual resistivity ratios RRR =
P25k /po between 4 and 5. At elevated temperatures, p(T)
exhibits a sublinear temperature dependence for all P, which is
anomalous by comparison to the nonmagnetic analog CaNi, P,,
where the lattice contribution is dominant over the same
temperature range [32].

In the low-pressure region (P < 1.39 GPa), p(T') is abruptly
reduced at Ty due to the removal of spin disorder scattering by
the antiferromagnetic ordering. Ty appears as a pronounced
peakin dp/dT over this pressure range [Fig. 5(a)] that moves
to lower T with increasing P atarate d7y/d P = —33 K/GPa.
This rate of suppression is comparable to what is seen in the
analogous iron-arsenide superconductors that crystallize in the
ucT ThCr,Si, structure [38]. We also find a broad hump in

dp/0T which moves to lower temperatures and becomes more
pronounced with increasing pressure. For ambient pressure,
the hump is found roughly between 55 and 65 K [dotted lines,
Fig. 5(b)]. At zero pressure, we find no change in dp/dT
at T} ~ 22 K that corresponds to the reduction of x(7") at
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FIG. 5. (Color online) (a) Representative curves of the derivative
of the electrical resistivity with respect to temperature d /97 vs T for
P < 1.27 GPa. The Néel temperature Ty appears as a sharp cusp. (b)
0p/dT vs T for P =0 and 1.27 GPa where the criteria that were used
to define Ty, Thump, and T; are illustrated. (c) dp/07T vs T for P >
1.39 GPa. T* appears as a broad hump.
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FIG. 6. (Color online) (a) Electrical resistivity p vs pressure P
at constant temperatures for samples S1, S2, and S3. The Néel
temperature appears as a sharp increase at Py. (b) p(P) for T =
300 K.

this temperature. Near 0.89 GPa, an additional feature at 7,
emerges and is subsequently suppressed with increasing P
[Fig. 5(b)]. For P > 1.5 GPa, the double peak structure that
is due to Ty and 7> is replaced by a single hump at 7*, which
broadens and moves to higher 7 with increasing P [Fig. 5(c)].

In order to better understand the behavior for P = 1.4—
1.5 GPa, we consider plots of p(P) [Fig. 6(a)] at constant
temperature. Data taken for three different samples are shown,
revealing a high degree of reproducibility. Here, we find that
the resistivity initially increases slowly, undergoes a rapid
increase at a characteristic pressure Py, and tends to evolve
through a broad hump for P > Py. As shown in Fig. 6(b),
the feature at Py is absent for 7 >> Ty, indicating that it is
strictly associated with the low-temperature magnetism. By
connecting Py with the antiferromagnetic phase boundary
from measurements at constant P, we infer that the rapid
increase in p( P) at Py represents the magnetic phase boundary,
which drops sharply to T = 0 over this 7-P range. In order
to search for superconductivity near this possible QPT, we
measured electrical resistivity for 7 > 300 mK for P = 1.2
and 1.37 GPa. These measurements did not show any evidence
for superconductivity.

V. DISCUSSION

From the measurements above, we construct a magnetic
phase diagram [Fig. 7(a)]. For P = 0, x, C, and p reveal
an antiferromagnetic phase transition near 7Ty ~ 110 K. The
values of Ty that we find from C and p are slightly smaller
than those found from x owing to differing conventions for
defining Ty. We additionally find a subsequent feature in the
ordered state, as evidenced by the reduction in x(7) at 7).
For increasing pressure, Ty is initially suppressed at a rate of
—33 K/GPa. For P > 0.89 GPa, a second phase transition
appears within the ordered state at 7, which is also suppressed
by P. While it is appealing to connect 7, to the reduction of
x(T) at T} for P = 0, our measurements do not necessarily
show that this is the case. In fact, our data suggest that the

FIG. 7. (Color online) (a) Temperature 7 vs pressure P phase
diagram for CaCo,P, constructed from magnetic susceptibility x,
heat capacity C, and electrical resistivity p measurements. The phase
boundary described by Ty separates the paramagnetic (PM) state
for T > Ty from the antiferromagnetically (AFM) ordered state for
T < Tn. T, represents the T where the zero P magnetic susceptibility
decreases abruptly below Ty, as described in the text. 7, represents
changes in low 7T electronic scattering for 7 < Ty which appear
as humps in dp/9T. Ty is suppressed to a putative quantum phase
transition near P, = 1.4-1.5 GPa. T* is the broad hump in dp/0T
which appears for P > P.. (b) The residual resistivity py vs P taken
from fits to p(T'), as described in the text. (c) Fermi-liquid coefficient
of the electrical resistivity A taken from fits to p(T). (d) p — po Vs
T? for P < 1.05 GPa. (e) p — po vs T? for P > 1.27 GPa.

broad hump that appears in dp/dT for P < 0.89 GPa is
more naturally connected to 75. Near P, = 1.4-1.5 GPa, Ty
and T, are suppressed abruptly to zero at a putative quantum
phase transition, where the sharp phase boundary suggests
that the transition may become first order. Upon destruction
of the low P magnetic order at P, a broad feature appears
at T* which increases and broadens with increasing P. These
results raise several unresolved questions that complicate our
understanding of this material, including (1) the nature of
the phase transition(s) near P, and (2) the details of the
high-pressure state. Below, we outline several scenarios for
understanding the data and suggest measurements to resolve
these issues.

Regarding question 1, we point out that phase diagrams
with similarly sharp phase boundaries have been observed
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for some quantum critical point systems, e.g., the correlated
electron antiferromagnet CeRh,Si,, which additionally shows
unconventional superconductivity at the putative QCP [39].
A similarly sharp phase boundary is found at low temper-
atures for the d-electron antiferromagnet system Crj_,V,,
where detailed Hall-effect measurements reveal that the phase
transition is second order in the vicinity of the QCP [14]. As
such, it is not clear that a sharp phase boundary necessarily
implies that the phase transition becomes first order. In order
to resolve this issue, it will be useful to study the evolution
of the magnetic order parameter under applied pressure, e.g.,
using neutron-scattering or NMR measurements.

It is also noteworthy that the phase diagram for CaCo,P,
shows similarities to some systems with ferromagnetic quan-
tum phase transitions. For instance, the itinerant electron
ferromagnet UGe, exhibits two phase transitions that are
suppressed toward zero with P [40]. In this case, both phase
transitions are first order near 7 = 0 [41], as is expected for a
ferromagnetic phase (either due to coupling between fermionic
modes and ferromagnetic critical fluctuations or magnetoelas-
tic coupling) [42—44]. Given the observation of ferromagnetic
correlations at zero pressure for 7 > Ty in CaCo,P5, it is not
unreasonable to consider that ferromagnetism might emerge
with P. It is also noteworthy that the closely related LaCo, P,
(where La is trivalent) orders ferromagnetically near T¢c =
160 K, suggesting that electron doping might induce similar
behavior in CaCo,P, (where Ca is divalent) [45]. As such, it
is tempting to draw connections to ferromagnetic phenomena.
Again, neutron-scattering and NMR measurements will help
to address this possibility. On the other hand, if the phase
transition remains antiferromagnetic but becomes first order
near the QPT, this might indicate that it is accompanied by
an additional component, e.g., a structural phase transition.
X-ray-diffraction measurements under applied pressure would
clarify this point.

To address question 2, we first note that qualitatively
similar features are observed in a variety of other systems
without magnetic ordering: e.g., some A-15 compounds like
Nb3;Sn and Nb3Sb exhibit strong negative curvature and rapid
saturation to nearly constant values of po(7T) with increasing
T that is related to strong electron-phonon coupling [46].
However, since magnetism obviously plays a role in the
low-pressure region of the phase diagram, it is appealing to
look for a magnetic description of the high-pressure data.
From this viewpoint, one possibility is that a spin-fluctuation
regime appears for P > P,. In this scenario, the temperature
dependence of the electrical resistivity is attributed to the
presence of a large feature in the density of states near the
Fermi energy due to the d electrons. We also point out that other
d-electron spin-fluctuation compounds [e.g., RCo, (R =Y,
Lu, Sc) [47] exhibit behavior that is similar to what we observe
in the high P region for CaCo,P;: i.e., the broad shoulder
in p(T) that characterizes the spin-fluctuation temperature
broadens and moves to higher 7" with increasing P. On the
other hand, it is possible that 7* might instead be related
to an extremely broad magnetic phase transition, yielding
a phase diagram with a transformation from low-pressure
antiferromagnetism to a high-pressure magnetic state, similar
to what is seen as a function of x for Ba(Fe;_,M,)As, (M =
Cr, Mn) and Ca(Co;_,Ni, )P, [32,48,49]. We are currently
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pursuing NMR measurements under pressure to address this
question.

Finally, in order to further investigate the ground-state
behavior we consider the expression

o(T) = po + AT?, )

where py is the residual resistivity and A is the Fermi-liquid
coefficient of the electrical resistivity. Plots of p — po vs T2 are
shown in Figs. 7(d) and 7(e), where linear behavior is observed,
indicating that Fermi-liquid-like behavior is present for all P.
This analysis shows that (much like the finite 7" behavior)
the residual resistivity po increases rapidly with increasing
pressure near P, and tends to saturate for P > P, [Fig. 7(b)]. In
addition, we find that, for P < P., A increases with increasing
P and reaches a maximum near P = 1.22 GPa, which is
slightly less than P, = 1.4-1.5 GPa [see Fig. 7(c)]. Such a
divergence in A is a common feature in most QCP materials
and may indicate that, upon approaching the quantum phase
transition, the critical fluctuations begin to diverge. However,
if the phase transition becomes first order, then the critical
fluctuations are expected to be cut off, consistent with the
rapid drop in A before P.. For P > P., A relaxes toward
a small value at high P. We note that similar behavior for
A(P)is observed for spin-fluctuation compounds (e.g., RCo,),
where the decrease in A with P is attributed to weakening spin
fluctuations with increasing pressure [47].

Since Fermi-liquid behavior persists throughout the entire
phase diagram, it is of interest to consider the Kadowaki-
Woods ratio Rxw = A/y? [50]. For P = 0, Rxw ~ 0.6 x
1073 4 ecm(K-mol/mJ)?, in reasonably good agreement with
the expectation for a d-electron Fermi liquid [51]. If we assume
that this ratio is constant as a function of pressure, then it is
possible to calculate the electronic coefficient of the specific
heat y where A is at a maximum. This calculation yields y ~
40mJ/ mol-K? at P = 1.22 GPa, which s moderately enhanced
by comparison to the zero pressure value of 23 mJ/mol-K?.
While the origin of this behavior is not clear, we point out
that enhanced correlations are regularly observed in a variety
of related transition-metal pnictides. For instance, optical
spectroscopy measurements which compare the experimental
kinetic energy and the kinetic energy from band theory support
this point of view [52].

VI. CONCLUSIONS

In summary, experiments indicate that CaCo,P, is a
moderately correlated itinerant electron antiferromagnet with
an ordering temperature near 7y ~ 110 K. In addition, we find
evidence for ferromagnetic correlations in the paramagnetic
state and an additional feature at 77 = 22 K. Electrical
resistivity measurements under applied pressure reveal that
Tx is suppressed initially with increasing P at a rate of
—33 K/GPa. Near 0.89 GPa, a second phase transition appears
in the electrical resistivity at 7, < Tn. At P, &~ 1.4-1.5 GPa,
the phase transition(s) may become first order as they are
suppressed abruptly toward zero. For P > P., p(T') exhibits
a broad shoulder which increases and broadens in 7 with
increasing P. Taken together, these observations suggest
that CaCo,P, provides the unusual example of a magnetic
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d-electron metal where a quantum phase transition may be
accessed by a clean tuning parameter.

Nonetheless, several important questions remain to be
addressed. For zero pressure, it will be useful to perform NMR
and neutron-scattering measurements to determine the nature
of the phase transition at 7j. It is also important to uncover
whether the phase transitions near P, are first or second order,
as this determines whether divergent fluctuations of the order
parameter are permitted. If the phase transition is first order,
then it will be interesting to understand how this happens:
e.g., two possible scenarios are that the magnetically ordered
state become ferromagnetic or there is an additional structural
phase transition. Finally, the nature of the high-pressure state
remains to be clarified.

In spite of the factors that complicate our understanding
of this material, there nonetheless are several opportunities.
Primary among these is the chance to study a quantum phase
transition in a moderately correlated d-electron magnet using a
clean tuning parameter. The similarities between CaCo, P, and
other d- and f-electron QPT materials, such as MnSi, ZrZn;,
and UGe;, may provide direction for developing a unifying
theory for the physics of such systems. Comparison to the

PHYSICAL REVIEW B 89, 094408 (2014)

Fe-As high-temperature superconductors is also of interest.
For instance, the lack of superconductivity in CaCo,P, may
give an important clue about what ingredients are necessary
to provide a pairing mechanism for superconductivity in the
Fe-As analogs.
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