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Spin-lattice and spin-electronic interactions in the van der Waals semiconductor Co,P,S¢
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We report the results of a temperature-dependent reflection spectroscopy study, across a wide energy range
(~0.01 to 3 eV), of unsubstituted and 40% Zn substituted for Co, for the transition-metal phosphorus trichalco-
genide, Co,P,Ss. We observe a transition from a paramagnetic to antiferromagnetic state with a Néel temperature
at Ty ~ 120 K that is completely suppressed in Zn-substituted samples. At 300 K we identify four narrow
(~1 meV) infrared active phonon modes while at 70 K (below 7y) we observe that the low-energy phonons,
dominated by Co motion, resolve into two modes. These low-energy modes are asymmetric, indicating coupling
to a broad electronic continuum. We also report a broad (~30 meV) low-temperature infrared absorption band
that appears near Ty that we suggest is determined by a multiphonon-assisted 2-magnon absorption process.
At 300 K in higher-energy spectra, we observe considerable absorption starting from 0.20 £ 0.02 eV which we
associate with inter-Co®* ion 3d transitions. At temperatures below Ty the number of electronic absorption bands
increases from 4 to 6, indicating a lowering of the symmetry around the Co** ions. On substituting 40% Zn for
Co, the antiferromagnetic transition is suppressed along with temperature-dependent changes in the phonon and
electronic spectra. The temperature-dependent spectral changes indicate strongly correlated behavior between

the infrared active lattice vibrations, the electronic excitations, and magnetism in unsubstituted Co,P,Se.

DOI: 10.1103/PhysRevB.109.165142

I. INTRODUCTION

For many years there has been interest in strongly corre-
lated d-band compounds due to their complex ground state
from which a wide range of quantum behaviors arise [1,2].
Recently attention has focused on two-dimensional (2D)
correlated electronic systems exhibiting enhanced interac-
tions involving lattice vibrations, spin and orbital magnetism,
charge and topological phases, e.g., graphene and transition-
metal dichalcogenides [3-7]. Not only are the emerging
phenomena of these 2D systems interesting from a fun-
damental point of view, they also offer opportunities for
applications, e.g., electrochemistry, catalysis, hydrogen stor-
age, and spintronics [8§—12]. Due to the emerging appreciation
of the intriguing physics in low-dimensional systems, renewed
interest has been developing in the layered van der Waals
transition-metal phosphorus trichalcogenides, TPX3, (where
T+ is a 3d transition metal and X is a chalcogen) [13]. In this
series of compounds which fit the formular, T22Jr [P2Xs]*, the
chalcogenide atoms form the outer surfaces of a close-packed
layer, creating a hexagonal array of octahedral sites accom-
modating the T?* jons and the P, dimers, with 2/3 of the
sites occupied by T2+ ions and 1/3 of the sites occupied by P
dimers, the latter being tetrahedrally bonded to 3 72+ ions and
1 other P atom. The parallel surface planes of chalcogenide
atoms are bonded to each other by weak van der Waals forces
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exhibiting a stacking sequence of AAA [13-15]. Single-crystal
x-ray-diffraction (XRD) refinements show that there are two
TPX; groups per unit cell, i.e., T,P,S¢ forming a monoclinic
structure with a C2/m space group [14]. Many of these com-
pounds can be exfoliated down to a single layer, where it
is observed they maintain their correlated 2D magnetic be-
havior [7,16,17]. Depending on the relative magnitudes of
the exchange interactions a range of magnetic ground states
are realized. Calculations support the observations, showing
that in addition to the nearest-neighbor exchange interaction
(J1), the second- (J>), and particularly the third-(J3), nearest-
neighbor exchange interactions are critical in determining the
magnetic ground state [18,19]. Not unexpectedly, where the
T2t jon is a full d shell, such as Zn or Cd, the compounds do
not exhibit magnetism.

To understand the structural and electronic behavior of
the TPS; compounds numerous spectral probes were ap-
plied in the 1980-90s to understand their potential use as
intercalation compounds in Li-ion batteries and as catalysts
[20]. Infrared (IR) investigations were undertaken at ambient
temperature on a range of compositions with the assignment
of the main vibrational modes and understood in terms of
normal modes of the [P,Xs]*~ units and the transition-metal
ion [21-24]. Probing the impact of magnetism on the IR-
active modes was explored by measuring absorption at 5 K
on TPX; (T = Fe, Ni and X = S, Se) showing an increase in
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the number of modes that was interpreted as phonon folding
in the antiferromagnetic phase [25]. A similar study of TPX3
(T =Mn, Fe, Ni and X =S, Se) did not exhibit any tem-
perature dependence down to 120 K except for FePS; [26].
Measurements on CdPS; down to 100 K did not, as expected
given the full d shell, show any temperature dependence [21].
Depending on the polarization, Raman studies demonstrated
an increase in the number of low-energy modes below Ty
[21,27-29]. Liu and co-workers also report scattering off
2 magnons in Co,P,S¢, the presence of which is indicated
in neutron-scattering measurements [30]. Lattice dynamics
calculations show as expected in these 2D materials, bands
exhibiting little dispersion with a gap between the low-energy
metal-dominated vibrations and the higher-energy [PyXs]*
stretching modes [24,31-33].

High-energy reflectance studies out to 30 eV have been
undertaken on TPS; where T = Fe, Ni, Zn with remarkably
similar spectra, suggesting that in this energy range the re-
sponse is dominated by transitions involving the [P»Xs]*~ ion
and that the d states do not contribute [34—36]. At lower ener-
gies (1-6 eV) TPS; compounds exhibit a series of absorption
bands that are understood in terms of intra- and inter-d-state
transitions [3,37-42]. Electronic band-structure calculations,
using different approaches, have been reported that are consis-
tent with the optical studies above ~0.1 eV [33,43—48]. These
band-structure calculations on NiPS5 indicate that within 20
eV of the Fermi level the valence band comprises S-3p, S-3s,
P-35, and Ni-3d states. Within 10 eV of the Fermi level the
conduction band comprises S-3p, P-3s, and -3p, and Ni-4s and
4p states [44]. The lowest-energy electronic absorption edge
in the TPS; materials is determined by transitions between the
partially filled d shell of the transition ions. For the Mn, Fe,
Co, and Ni compounds, the transition metal is in an octahedral
crystal field, which splits the d levels, thus determining not
only the magnetic ground state, but also the electronic behav-
ior including the lowest-energy optical gap [7,47]. Distortions
of the octahedral crystal field and exchange interactions will
further split the d levels [39,46]. For compositions with filled
d bands, such as ZnPS3, the d states lie well removed from the
Fermi level. So, unlike compositions with a partially filled d
shell, ZnPS3 is nonmagnetic and exhibits a significant energy
gap with the electronic absorption edge being determined by
transitions between S-3p and Zn-4s states [45].

Due to difficulties in preparing high-quality crystals,
Co,P,S¢ has not been as extensively studied as some of
the other TPS; compounds. Nonetheless neutron-scattering
studies have confirmed the atomic structure and observed
a commensurate magnetic structure of high-spin Co?* ions
forming a 2D antiferromagnetic honeycomb lattice with an
antiferromagnetic alignment along the a axis, a ferromag-
netic alignment along the b axis, and a small out-of-plane
component along the ¢ axis [49]. The Néel temperature, 7y,
was measured to be 119.1 + 0.1 K [49]. Depending on po-
larization, the low-energy Co’" Raman-active modes resolve
into two modes below 7y which are accompanied by a rising
broad background signal that has been interpreted as due to
2-magnon scattering. Interestingly the neutron scattering also
indicates spin fluctuations exist above 7y [50], behavior also
observed in MnPS; [51].

In this paper we report a reflection spectroscopy study of
the antiferromagnet Co,P,S¢ crystals over an extended spec-
tral range (~0.01 to ~3 eV) probing both the lattice vibrations
and the near-Fermi energy electronic transitions. We also
present results for a 40% Zn substitute crystal where the long-
range antiferromagnetism has been suppressed. By comparing
spectral measurements on Co,P,S¢ and 40% Zn-substituted
crystals, above and below Ty, we observe significant changes
in both the electronic and vibrational spectra for unsubsti-
tuted Co,P,Se, changes that are not observed in the 40%
Zn-substituted crystal. We thereby demonstrate the strongly
correlated behavior between the IR-active lattice vibrations,
the electronic excitations, and magnetism in Co,P;Se.

II. EXPERIMENT

We synthesized single crystals of Co,P,S¢ using the gen-
eral procedures outlined in Refs. [13,49,52]. We combined
Co powder (Alfa Aesar Puratronic, 22 mesh, 99.998%, re-
duced), P chunks (Alfa Aesar Puratronic, 99.999%), and S
(Alfa Aesar Puratronic, 99.9995%) under vacuum in a sealed
quartz ampoule using a near-stoichiometric ratio (i.e., slight
excess of P) to form Co,P,S¢ together with an appropriate
quantity (~100 mg) of I, as the vapor transport agent. We then
increased the ampoule temperature over 30 h to the reaction
temperature of 650° C, held it there for 4 days, and cooled over
a period of 30 h to room temperature. Typical crystals were
4-6 mm in size along the a-b planes with several exceeding
12 mm. Typical thicknesses were < 0.5 mm. The compo-
sitions of the samples were determined through subjecting
at least three distinct single-crystal specimens of each batch
to electron microscopy—energy-dispersive X-ray spectroscopy
(SEM-EDS) analysis (3—4 spots per crystal for 9—12 spots
total per batch) using a Thermo Scientific UltraDry EDS spec-
trometer joined with a JEOL JSM-6060 SEM. Chemical vapor
transport growth of TPS; alloys is not a particularly well
controlled nor understood process with the outcome in our
case, that the vapor phase containing Zn is more volatile than
the vapor phase containing Co. Thus, the composition of the
transported crystals was richer in Zn than the starting material
(which was 20%) and exhibited a 16% variation in Zn content.
Two compositions were investigated; pure Co,P,S¢ (EDS
composition was stoichiometric at Co2 04(10)P2.02(2)S5.94(8))
and crystals with a 40% Zn substitution for Co (the EDS-
derived COInpOSitiOIl was CO1_23(10)211()_79(13)P2.02(2)S595(11)).
As will be discussed below, the latter composition was em-
ployed as a benchmark given it suppresses the long-range
antiferromagnetic transition. The growth process produced
clusters of crystals with their growth habit parallel to the ab
plane. They were micaceous and easily cleaved parallel to the
ab plane. The relatively thin, easily distorted crystals required
changes to our usual approach to making photometrically
accurate optical measurements and will be discussed below.
Samples with a suitable optical surface were carefully selected
with either as-grown surfaces or from exfoliated surfaces.
Before measurement, the surface was washed in isopropyl
alcohol, a step we found important to get consistent optical
results on different crystals.
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We collected XRD spectra off a flat crystal face (00/)
using a Philips PANalytical system employing Cu K, x-ray
radiation at a wavelength of Agy,; = 0.154056 nm. For the
variable-temperature studies, we used an Oxford PheniX low-
temperature cryostat system. All refinements were performed
via FULLPROF [53] using a Le Bail fit on the (00/) face and
assuming a monoclinic angle S of 90°. Thus, the spacing
measured represents the layer spacing and is equal to the sum
of one lamella and one van der Waals gap [54-57].

We employed a Quantum Design MPMS-7 supercon-
ducting quantum interference device magnetometer to take
magnetization measurements. We found that the ambient-
temperature dc resistivity to be in the megaohm range and
that it increased with decreasing temperature, so was beyond
the capability of our Quantum Design Physical Property Mea-
surement System (PPMS). Based on these observations, and
the optical study discussed below, we conclude the crystals
are insulating. Heat-capacity measurements were made on
as-grown single crystals using a Quantum Design PPMS at
zero applied field for temperatures between 2.5 and 300 K.

The energy-dependent reflectivity was measured at discrete
temperatures from room temperature to below the Néel tem-
perature, Ty ~ 120 K. A Bruker Vertex 80v interferometer
was employed across the wide spectral range from 70 cm™!
(~9 meV) to 25000cm~! (~3 eV) using several sources,
beam splitters, and detectors [58]. The crystal was held in an
exchange gas with the temperature controlled via a variable-
temperature flow-through Oxford cryostat and when using
liquid nitrogen as the coolant reaching 70 K. One unsubsti-
tuted sample was cooled to 15 K using liquid helium and no
significant difference in behavior was observed below 70 K.
The actual temperature of the sample was estimated to be
no more than a few degrees above the measured temperature
due mainly to the warming effect of the optical probe. The
spectral resolution in the far-IR was 4 cm~! rising to 16 cm™!
in the visible. The reflectivity was measured relative to an
evaporated Al film and corrected using literature values for
the aluminium reflectivity [59]. In all cases we measured
the reflectivity of stacks of Co,P,S¢ crystals, grown with
an ab plane alignment, and with the electric vector paral-
lel to the 2D ab planes. The transmission of Co,P,Sg was
measured at 300 K to be zero except in one sample where
we deliberately exfoliated a sample to transmit visible light.
Although this sample was not a single crystal, and exhibited
a range of thicknesses, the transmission measurement did
help confirm the presence of absorption bands determined
by analysis of the reflectivity spectra, particularly at high
energy.

To account for the impact of the nonspecular reflect-
ing surface on the photometric accuracy of the reflectivity
measurement, the crystals, after the first measurement, were
overcoated with Al and remeasured relative to the same Al
reference resulting in a “corrected” reflectivity. Holmes and
co-workers [60] have shown that this approach accounts rea-
sonably well for the loss of light through scattering, and thus
keeps systematic errors in the magnitude of the reflectivity
to a minimum. As will be discussed below we find that cor-
recting the reflectivity in this way does not fully account for
the magnitude of the calculated conductivity; the temperature

dependence of the modes, such as the mode width and posi-
tion, is very reliable.

The energy-dependent optical conductivity was generated
by modeling the corrected reflectivity employing REFFIT soft-
ware [61,62] and using a Kramers-Kronig consistent sum of
Lorentzian functions to simulate an energy-dependent dielec-
tric function, e(w)= &1 (w) + iez(w), where

e(w)= € + Z

Here, €, is the high-frequency dielectric constant, w is
the frequency, wy is the oscillator frequency, S is the oscil-
lator strength, k denotes the oscillator in question, and y
is the damping. Below, we discuss our results in terms of
the energy-dependent conductivity, which is related to the
dielectric function by o(w)= —iwe(w)/4m, which contains
information about the response from the phonons, and the
electronic transitions to incident light. As noted above, the
transmission was measured on one thinned crystal, confirming
the presence of some broad optical features we observed in
the reflectivity at higher energies. Due to the inability to get
substantial areas with the same thickness, this did not prove
to be anything other than a qualitative support in identifying
spectral features. Below, we focus on two spectral regions,
at low energies (far-IR) where the response is dominated by
the vibrational modes, and the near-IR—visible dominated by
low-energy electronic transitions.
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FIG. 1. The crystal structure of Co,P,S¢ viewed along the a axis
(top), illustrating the 2D layers separated by a van der Waals gap,
and along the ¢ axis (bottom) illustrating the Co honeycomb lattice.
Each Co atom is surrounded by six S atoms with the P dimers filling
every third Co position and thereby sitting at the center of a Co
honeycomb lattice. Note that each P atom of the dimer is connected
to only three S atoms, thus with the dimer forming a P,S¢ unit. The
rectangles indicate a unit cell. The structure is based on published

atomic positions [49] and was generated using the MERCURY software
package from the Cambridge Crystallographic Data Centre (CCDC).
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FIG. 2. (a) Out-of-plane 6-20 x-ray diffractograms for a crystal of Co,P,S¢ at 300 K. (b) Temperature dependence of the c-axis lattice
parameter Co,P,Ss. XRD data collected with Cu Ke radiation (g, = 0.154056 nm).

III. RESULTS
A. Structure

As shown in Fig. 1, the transition-metal chalcogenophos-
phate, Co,P,Se, has a monoclinic structure with space group
C2/m [14,49]. These compounds consist of Co atoms sur-
rounded by three (P»S¢) units, such that the Co?* ion and
P-dimer are octahedrally coordinated to six chalcogen atoms.
This results in the Co?* ion occupying a 2D hexagonal hon-
eycomb array surrounded by layers of S. These 2D layers,
which are separated by the van der Waals gap, are stacked
in an AAA sequence. The monoclinic angle is 107.17°, which
is very close to the undistorted cell value [14].

As illustrated in Fig. 2(a), XRD patterns confirmed the
presence of the Co,P,S¢ phase with an interlayer spacing
of 0.638 346(25) nm at 300 K, which compares well with
XRD and Transmission Electron Microscopy (TEM) exper-
imental values of 0.6327 and 0.6545 nm, respectively, and
a density-functional theory (DFT) value of 0.6402 nm [47].
Figure 2(b) displays the temperature dependence of the layer
spacing measured down to ~20 K exhibiting a weak inflection
at ~120 K (Ty). At Ty in FePS3 the a axis contracts and b axis
expands with an inflection in the layer spacing (i.e., ¢ sin B)
as observed in Fig. 2(b) [63].

B. Magnetization and heat capacity

Figure 3(a) illustrates the magnetic susceptibility of un-
substituted and 40% Zn-substituted Co,P,S¢ crystals. The
unsubstituted crystal exhibits an antiferromagnetic transition
at ~120 K as has been previously reported [49], while we
observe that when 40% of the Co is substituted by Zn there
is a complete suppression of the long-range antiferromagnetic
transition. As illustrated in Fig. 3(a), the Zn-substituted crystal
exhibits paramagnetic behavior to the lowest temperatures
measured (10 K). Chandrasekharan ez al. [64] have shown that
long-range correlated antiferromagnetism in Mn,Zn;_,PSs3 is

suppressed for Zn contents above the percolation threshold
for a randomly diluted antiferromagnetic honeycomb lattice of
x = 0.7, where the magnetic susceptibility can be accounted
for by the uncompensated spins of the finite Mn* clusters.
Our composition (x = 0.6) has slightly more Zn than the
percolation threshold, ensuring that the long-range correlation
is suppressed, while noting that these authors see evidence
for the existence of short-range correlations for higher Zn
contents than the percolation threshold [64].

As displayed in Fig. 3(b) there is a noticeable jump in
the heat capacity in Co,P,S¢ single crystals consistent with
the antiferromagnetic transition at ~120 K. Both the shape
and magnitude of this anomaly are consistent with an an-
tiferromagnetic transition. The magnitude of the transition
is ~31Jmol~' K~!. This value is somewhat smaller than
what is noted for Fe,P,S¢ (~65Jmol~! K~! [64]), which
experiences a large structural transition concomitant with the
onset of antiferromagnetism but, at the same time, larger than
values seen in Mn,P,S¢ and Mn,P,Seg (< 1Tmol™! K~!
[65,66]) which experience no structural distortions associated
with their antiferromagnetic transitions. These observations
confirm (1) the presence of a small structural distortion as
seen in the XRD analysis above, and (2) that it is smaller in
magnitude than that seen for Fe,P,Ss. We plan on performing
more detailed analyses on both the nature of this transition and
its energetics using both XRD and specific-heat studies of the
series of (Co;_,Zn, ),P»S¢ compounds in a future publication.

C. Phonon spectral region

Figure 4(a) illustrates the 230 K corrected reflectivity
(black dots) over the spectral range 100 to 800 cm~! (~0.01
to 0.1 eV) for Co,P,S¢ dominated by the IR-active vibra-
tional modes involving atomic motion parallel to the ab plane.
The temperature of 230 K was selected as it is well above
the antiferromagnetic transition temperature. Also illustrated
is the calculated reflectivity (red line) based on a dielec-
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FIG. 3. (a) The temperature-dependent magnetic susceptibility of Co,P,S¢ (blue) and 40% Zn substituted for Co (red), when the field is
orientated perpendicular to the ab plane. Ty for Co,P,Sg is indicated at 120 K by the vertical gray dashed line illustrating the lack of a transition
in the 40% Zn-substituted crystal. The small anomaly near 45 K is due to oxygen contamination. (b) The temperature dependence of the heat
capacity for Co,P,Ss. The dotted line is an estimate of the lattice contribution highlighting the antiferromagnetic contribution at the transition

temperature of ~120 K as indicated by the vertical gray dashed line.

tric model developed using REFFIT to be discussed below.
Figure 4(b) illustrates the 70 K corrected reflectivity spectra
(black) and its accompanying model (red). It has been shown
that for Co,P,S¢ and for Zn,P,S¢ the zone-centered phonon
modes have the representation I' = 84, 4 7B, + 6A, + 9B,,
thus exhibiting a total of 12 IR-active modes, and notably 5 A,
modes, after subtracting the three acoustic modes (A, + 2By)
[21-24,28].

As described above, the energy-dependent conductivity is
determined by modeling the reflectivity data shown in Fig. 4.
In the 300 to 400-cm~' spectral region, compared to the
phonons, several broad and weak features can be observed
in the reflectivity. We found that these features varied from
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sample to sample and were stable with temperature [e.g.,
compare this spectral region in Fig. 4 and Fig. 6(a)]. We argue
that the fringes are the result of optical interference in the
micaceous crystal stacks. The fringes represent layers ranging
in thickness from ~50 to 100 um, which would be reasonable.

Figure 5(a) compares changes in the real part of the energy-
dependent conductivity, o(w), for Co,P»S¢ at 230 K (red)
and 70 K (blue) in crossing the antiferromagnetic transition,
Tx at ~120 K. At temperatures between 230 K and to just
above Ty all the vibrational modes are modeled with five
Lorentzian oscillators and a high-energy dielectric constant
that systematically decreases with temperature from 8.4 to
7.0 between 230 and 70 K. These latter values compare
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FIG. 4. The reflectivity of Co,P,S¢ crystals (black dots) for a temperature (a) above Ty at 230 K, and (b) a temperature below Ty at 70 K.
The best-fit calculated reflectivity, based on the dielectric function described in the text, is also illustrated (red line).
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FIG. 5. (a) Comparing the energy-dependent conductivity, o;(w), for Co,P,S¢ at 230 K (red) and 70 K (blue). There is an approximate
40% loss in oscillator strength in the 569-cm~' mode. The inset highlights the low-energy region to emphasize the splitting and energy shifts

of the low-energy modes below the transition temperature, Ty. (b) The temperature dependence of the relative spectral weight of the 569-cm™

1

(blue) and the broad mid-IR band (red). The uncertainty in the spectral weight of the 569-cm~! mode is ~20%. We have also included the
relative temperature dependence of the (0,1,0) neutron-scattering Bragg peak (black) where the authors note that the error bars are smaller than

the symbols [49].

well with values of ~9 for NiPS; [67] and are driven by
higher-energy transitions including the low energy of the elec-
tronic transitions involving the d-level states to be discussed
below. [See the temperature dependence of the modes summa-
rized in Fig. 7(a) and the major atomic motions are listed in
Table 1.] The 569-cm~! mode maintains its spectral position
and width, but with decreasing temperature there is a loss in
spectral weight that largely shifts to lower energies. Below
Ty all the modes except the high-energy mode at 569 cm™!
resolve into two modes, reflecting the coupling between the
magnetism and the lattice degrees of freedom. There is a weak
narrowing of all the modes with decreasing temperature but it
is always less than our spectral resolution. This applies even
to the split modes that exhibit similar widths to their parent
mode above Ty. The inset in Fig. 5(a) highlights the shifts
and splitting of the low-energy modes in crossing Ty. We also
observe that the 230 K low-energy mode at 157 cm ™', which
is dominated by the Co motion, is best modeled with a Fano
line shape with an asymmetry parameter of 0.32 [68]. Below
Tx this mode is replaced by two modes at 152 and 164 cm ™!,
with asymmetry parameters of 0.28 and 0.16, respectively.

This indicates that these Co-dominated asymmetric vibrations
are interacting with a broad electronic continuum that we
will discuss further below. Although the “best” model below
~200 cm ™! required a Fano line shape, we note the relatively
poor “fit” below ~140cm™' in Fig. 4. The match between
the model and data could be improved by employing a Fano
line shape and an energy-dependent loss that decreased with
increasing energy, suggesting that surface features exist that
enhance the loss at low energies.

Interestingly, from just above Ty and at lower temperatures,
a broad absorption band had to be added to the model to
fully describe the background spectral weight. As can be
readily seen in the 70 K conductivity spectra (blue), there is
a significant additional absorption in the ~400 to ~650-cm ™!
spectral range. The full width at half maximum (FWHM) is
~100cm™', which is considerably broader in comparison to
the vibrational modes, which in all cases exhibit a FWHM
of less than 13cm~!. The temperature dependence of this
absorption band is summarized in Fig. 5(b). Even with the
correction to account for the nonspecular reflecting surface
there are limits in determining the accuracy of the reflectiv-

TABLE I. A listing of the phonon-mode frequencies at 300 and 70 K for unsubstituted and Zn-substituted Co,P,S¢. The atomic motions

are assigned as per the literature [21-24].

Zn=0

Zn = 40%

Atomic motion 230 K mode frequency (cm™!)

70 K mode frequency (cm™!)

300 K mode frequency (cm~!) 70 K mode frequency (cm™")

Co-S bending 157 152 and 164 135 135
P and S bending 187.5 and 193 191 and 195.5 184 184
Co-S stretching 256 253.5 and 258 258 258
P-P and S-P stretching 569 569 570 575 and 585
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FIG. 6. (a) The 70 K reflectivity of 40% Zn substituted for Co in Co,P,S¢ (black) along with a model (red) discussed in the text. The weak

oscillation in R between about 300 and 500 cm™!

ity magnitude. The result is that a relatively large range of
magnitudes for the broad mid-IR band gives a reasonable de-
scription of the data unlike the narrow phonon modes that are
tightly defined. The vertical error bars in Fig. 5(b) quantify the
uncertainty in the magnitude of the broad mid-IR band. They
are particularly large just above the antiferromagnetic transi-
tion, ranging from zero to the top bar as required to adequately
describe the data. While we estimate that the systematic error
in the magnitude of the conductivity is approximately 20%,
there is a noticeable net shift in oscillator strength from the
569-cm~! mode to the mid-IR band for unsubstituted crystals.
As is apparent in Fig. 5(a) this shift in oscillator strength only
applies to the 569-cm~! mode.

Figure 6(a) displays the 70 K reflectivity and correspond-
ing model for a 40% Zn-substituted sample. Figure 6(b)
displays the 70 K real part of the energy-dependent con-
ductivity, o(w), for the same 40% Zn-substituted sample.
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we assign to interference fringes in the top layers of the exfoliated crystals. (b) The 70 K
energy-dependent conductivity, o;(w), of 40% Zn-substituted Co,P,Ss.

As demonstrated in Fig. 3, the long-range antiferromagnetic
correlation in Co,P,S¢ is supressed when 40% of the Co
atoms are replaced by Zn and the temperature dependence
observed in unsubstituted crystals effectively disappears. We
observe significant changes in the vibrational modes, with
40% Zn substitution accompanying the suppression of long-
range antiferromagnetic behavior. This is clearly illustrated by
comparing the conductivity spectra in Figs. 5(a) and 6(b), the
temperature dependency of the mode energies in Figs. 7(a)
and 7(b), and as illustrated in Table I. The 569-cm™' stretch-
ing mode now clearly resolves into two modes at 575 and
585cm~!. The high-energy stretching modes harden weakly
with the two modes at 253.5 and 258cm™' replaced by a
single mode at 258cm~!. A softening of about ~10cm™!
on Zn substitution is observed for the bond-bending modes
near 190cm~! which can now be modeled with a single
oscillator. Notably, the low-energy bending Co-S mode at
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FIG. 7. (a) The temperature dependence of the vibrational modes in unsubstituted Co,P,S¢. The Néel temperature is indicated by the
vertical dotted-dashed line at 120 K and the red points emphasize the impact of the magnetic transition on the phonons. (b) The temperature
dependence of the phonons in 40% Zn-substituted Co,P,Sg illustrating the lack of any change at the magnetic transition.
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FIG. 8. (a) The high-energy energy-dependent conductivity at 300 K (red) and 72 K (blue) for Co,P,S illustrating the change in its
electronic behavior in passing through 7y. (b) The energy-dependent conductivity for Co,P,S¢ with 40% Co substitute by Zn at 300 and 76 K.

155cm™" in unsubstituted Co,P,S¢ does not resolve into two
modes below 70 K and is ~20 cm~! softer on Zn substitution.
Moreover, its asymmetry is significantly reduced, compared to
unsubstituted crystals, being 0.06. The damping of all the
modes is relatively unchanged with Zn substitution, the excep-
tion being the low-energy Co-bending mode, which exhibits
a much larger damping, ranging from ~15.5 to 21cm™!
over the 70 to 300 K temperature range. For unsubstituted
Co,P,S¢, and above Ty, the damping of this mode is no
more than 10cm~! and below Ty splits into two modes with
damping of 6 and 10 cm~". To fit the spectra, and as indicted
in Fig. 6(b), a broad mid-IR mode is also required at the lowest
temperatures of 112 and 72 K in 40% Zn-substituted Co,P,Se.
In unsubstituted Co,P,S¢ we assigned this feature to local-
ized magnon fluctuations as observed in neutron scattering
reported in Co,P,S¢ [50] and in magnetization studies [64].
The analysis of the optical data in Fig. 6(b) would suggest
that localized magnon fluctuations also exist in Zn substitute
crystals, although the long-range antiferromagnetic correla-
tions are suppressed.

D. Electronic transitions

Figure 8(a) displays at high energy (> 0.1 eV) the energy-
dependent conductivity for Co,P,S¢ at 300 K (red) and 72 K
(blue). As discussed above, this parameter was derived from a
corrected reflectivity measurement, which was modeled using
a dielectric function, ¢(w), employing a series of oscillators
in REFFIT. We note that some of the temperature-dependent
differences in the magnitude of the optical conductivity will
be due to the light beam moving on the sample with changing
temperature so that the resulting variations in light scattering
were not fully accounted for. Nonetheless, repeated measure-
ments, and in some cases on different crystals, show that
the absorption-band frequencies are reproducible. Figure 8(a)
shows that the low-energy absorption in Co,P,Sg is very low
and consistent with the measured very high dc resistivity,
confirming that Co,P,S¢ is an insulator. The absorption ex-
trapolates to zero at 0.20 = 0.02 eV at 300 K and blueshifts
at 70 K to 0.31 £ 0.02 eV. As illustrated in Fig. 8(b) for the

Zn substitute crystals, the absorption extrapolates to zero at
0.19+0.02 eV at 300 K and to 0.18 £0.02 eV at 76 K,
indicating that within experimental error these are the same
absorption onset energies as observed at 300 K in the unsub-
stituted Co, P, S¢.

As listed in Table II, and illustrated in Fig. 8(a), four oscil-
lators are required to model the 300 K Co,P,S¢ reflectivity.
The center energies of the absorption bands were in part
confirmed by the 300 K transmission measurements, where
we see transmission minima centered at 0.39, 0.55, and 0.90
eV along with a large absorption onset that extrapolates to
zero near 1.6 eV. The two lowest-energy bands fall at the same
position as determined by both the transmission and reflectiv-
ity spectra, while we assign the 0.9-eV transmission minima
to be the same feature as the 1.14-eV band in the conductivity
spectra. An effective shift to a higher energy will be driven by
use of model Lorentzians, with their large tails, in modeling

TABLE II. Tabulation of the oscillator energies (eV) derived
from modeling the reflectivity spectra of Co,P,S¢ and 40%
Zn-substituted Co,P,Se at temperatures above and below the an-
tiferromagnetic transition temperature. Transmission measurements
confirm the presence of bands for 300 K Co,P,S¢ at 0.55 and 0.39 eV
and indicate that the 1.14-eV band in fact lies at 0.9 eV as discussed
in the text. The width of the bands at 2.48 and 2.12 eV are at least
ten times the width (~3eV) of all the low-energy bands (< 0.3
eV), suggesting a different physical process. Clearly the presence of
an antiferromagnetic transition determines the number of electronic
absorption bands observed.

Electronic absorption energies (eV)

0% Zn 40% Zn

72K 300K 76 K 300K
2.48 2.12 2.12 2.12
1.61 1.14 1.20 1.16
1.23 0.55 0.67 0.59
0.72 0.39 0.49 0.38
0.61

0.50
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the reflectivity when there is a nearby strong absorption band.
Identifying band energies can be determined directly from the
local minimum in transmission spectra. Thus, the strong band
centered at 2.12 eV, where our model requires a large tail to
low energy, results in an effective shift from 0.9 eV (transmis-
sion) to 1.14 eV (reflectivity). In Table II we have kept the
band positions determined by modeling the reflectivity so we
can compare spectra on different samples and temperatures
where we do not have transmission measurements. In previous
reports the band at 0.9 eV has been reported but the two low-
energy bands have not been reported [37—40]. At 72 K there is
an observable increase to six oscillators required to fit the re-
flectivity. Figure 8(b) displays the energy-dependent conduc-
tivity for 40% Zn-substituted Co, PS¢ at 300 K (red) and 76 K
(blue). With 40% Zn substitution and at 300 K the reflectivity
can be modeled with four oscillators. At 76 K it is notable
that only four oscillators are required to model the reflectivity.
The temperature dependence with Zn substitution is not large
although there is a small hardening of the three low-energy
oscillators and a 16% loss of strength for the high-energy
band. Interestingly, the same number of oscillators model the
300 K reflectivity for 0% Zn substitution, and the 300 and 76
K reflectivity for 40% Zn substitution. Within experimental
error the position of the bands is very nearly the same when
the long-range antiferromagnetic correlation is not present
(see Table II). We also note that the widths (~3 eV) of the
highest-energy bands, at 2.48 and 2.12 eV, in the 72 and 300
K data respectively, are ten times the widths (< 0.3 eV) of all
the low-energy bands, suggesting different physical processes.

IV. DISCUSSION

There have been several reflection and transmission—
absorption studies of the high-energy optical response (>
0.1 eV) of Co,P,S¢, although carried out over limited en-
ergy ranges and thus lacking complete agreement about the
number, positions, and the assignments of the electronic
absorption bands [37—40]. Based on transmission and reflec-
tivity measurements, and the derived optical conductivity, we
have determined, over a wide energy range (0.1 to 3 eV),
the low-energy electronic absorption band energies (listed in
Table II), and their widths. DFT band-structure calculations
on Co,P,Sg, including onsite Coulomb interactions, show that
the upper valence band is formed from hybrid S and Co states,
involving a ~25% Co 3d contribution. The lower conduction
band is composed largely of Co 3d states with a smaller con-
tribution from the S 3p states [47,48]. These band-structure
calculations exhibit narrow 3d Co bands of low dispersion
consistent, with the 2D structure and the magnetic measure-
ments indicating strongly localized 3d moments. Thus, we
assign the three narrow absorption bands observed in the 300
K spectra in both compositions, and the 76 K spectra for
the Zn-substituted crystal, below about 1.5 eV, to transitions
between localized 3d Co states. We note that the highest-
energy, strongly absorbing bands, above ~2 eV, which exhibit
much larger widths, are transitions between either valence or
conduction s states and 3d Co states with an optical onset
energy of ~1.6 eV as defined by our transmission spectra.
The lowest-energy electronic absorption onset is however,
0.20 £ 0.02 eV arising from spectrally narrow transitions

between 3d levels. These results suggests that the band-
structure calculations need to be revised.

The number and energy of the strongly localized 3d states
depend on the lattice symmetry around the Co?t ion and
the magnitude of the superexchange energy (coupling via the
six sulfur atoms) [46]. Thus, the onset of antiferromagnetic
order will reduce the local symmetry, further splitting of the
Co*t 3d states, and leading to an increase in the number of
absorption bands as we observed in Fig. 8(a). The lowering
in energy of the occupied states at Ty will also accommodate
a lattice or Jahn-Teller distortion around the Co®* ion as is
observed, for instance, in FePS; [63]. The 300 K optical
spectra of unsubstituted and 40% Zn-substituted Co,P,S¢ at
300 and 76 K are very similar with three absorption bands at
the same energies, while spectra for the unsubstituted sample
below Ty exhibit five absorption bands, clearly demonstrating
the correlation between the electronic and magnetic degrees
of freedom.

We also observe significant coupling between the IR-active
lattice vibrations and the magnetism of Co,P,S¢. First, a
very clear observation is the sudden increase in the number
of vibrational modes, from 5 to 7, at the antiferromagnetic
transition. The low-energy modes that split at 7y involve
significant Co motion at 257 cm~! (Co-S stretching) and at
154cm™! (Co-S bending). Little or no temperature depen-
dence is observed for the position of the high-energy mode
at 569 cm~!, which is dominated by P-P and S-P stretching
motion. Moreover, no temperature-dependent changes in any
of the modes in 40% Zn-substituted Co,P»S¢ are observed
down to ~70 K, where the long-range antiferromagnetism,
as illustrated in Fig. 3, is suppressed. The increase in the
number of modes at 7y in unsubstituted Co,P»>S¢ is con-
sistent with a commensurate transition to a lower-symmetry
structure associated primarily with the onset of a long-range
antiferromagnetic correlation. A signature of such an induced
structural transition is observed in the small inflection in the
c-axis data in Fig. 2(b). Second, the low-energy IR-active
vibrations, exhibiting large Co motion, are asymmetric, unlike
the high-energy modes, indicating coupling between a narrow
phonon mode, involving Co motion, and an electronic con-
tinuum [68]. Third, the 20-cm~! softening of the low-energy
modes accompanies the suppression of the antiferromagnetic
transition on 40% Zn substitution. Fourth, we observe that
the high-energy mode at 569 cm~! also loses significant spec-
tral weight with decreasing temperature down to 7y. This
mode involves S-P stretching motion where S is involved
in the superexchange between neighboring Co?* ions. Fifth,
the presence of a broad IR absorption band ranging from
~400cm~! (50 meV) to ~650cm~! (80 meV) that rapidly
increases in strength from just above Ty. IR coupling between
phonons and magnons has been reported in antiferromag-
nets such as NiO via a multiphonon-assisted 2-magnon IR
absorption process [69-71]. For instance, assuming coupling
between the single low-energy Co-bending mode at 155 cm ™!
(19 meV), and the magnon spectrum ranging in energy from
15 to 35 meV [50], then the expected phonon-assisted 2-
magnon IR absorption band would run from 50 to 90 meV, i.e.,
~400 to ~720 cm ™!, which is close to the observed mid-IR
band we report in Fig. 5(a). Raman scattering from magnons
in Co,P,S¢ has also been reported [12,30,50].
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V. CONCLUSIONS

We report the temperature-dependent IR-active, ab-plane,
vibrational modes and the low-energy electronic transitions
while crossing the antiferromagnetic transition at ~120
K in unsubstituted and 40% Zn-substituted Co,P,Sg. The
low-energy modes exhibit significant sensitivity to the antifer-
romagnetic transition. The lowest-energy mode at 157 cm™!,
dominated by Co motion, resolves into two modes at 7Ty,
and exhibits an asymmetric line shape, indicating coupling
to an underlying electronic continuum. With 40% Zn sub-
stitution for Co this low-energy 157-cm~' mode softens by
20cm™~!, while none of the phonons exhibit any anomalies
with temperature down to 70 K, consistent with the suppres-
sion of the long-range antiferromagnetic correlations. We also
report at temperatures near and below 7y the presence of
a broad (~250cm™!) IR-active absorption band. The width
of this band is many times the phonon linewidth of under
13cm~'. The energy range of this band is consistent with
an interaction with magnons, which are reported in neutron-
scattering experiments on Co,P,Ss. We have thus proposed
that the optical spectroscopy is probing the magnons via
a phonon plus 2-magnon absorption process as observed
in other antiferromagnets such as NiO [69]. We also find
that the symmetry of the 3d states in an octahedral crys-
tal field is lowered further in the antiferromagnetic state,
resulting in an increase in the number of electronic absorp-
tion bands observed in unsubstituted Co,P,S¢. This lowering
in symmetry drives a yet-unobserved change in the ab-
plane lattice parameters, perhaps like that observed in FePS;
[63]. The temperature-dependent changes in the optical re-
sponse indicate strongly correlated behavior between the

infrared-active lattice vibrations, the electronic excitations,
and magnetism in unsubstituted Co,P,Se.
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