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Abstract

The MnP family of binary compounds presents an intriguingly simple platform to mix-
and-match elemental components. Replacement on the transition metal or pnictogen site
can alter magnetism, electronic correlations, and electrical properties. Here we report
low-temperature properties of CoP, including measurements at magnetic fields exceeding
30 T, revealing de Haas–van Alphen oscillations and a nearly two orders of magnitude
increase in resistance. When viewed together with prior work, it is possible to put together
a global picture of the role of different atoms in variations in magnetic ordering, lattice
coherence, and topological band structure features in this material family.

Keywords: crystal growth; antiferromagnetism; chemical vapor transport; topology

1. Introduction
Transition-metal–pnictogen compounds have been well-represented in recent investi-

gations of unconventional superconductivity and topology. Fe-based superconductors are
the obvious example [1,2], but 1:1 binaries are intriguing on their own. All of the 3d transi-
tion metals from Cr to Co form in the same orthorhombic Pnma lattice with either P or As
(though MnAs only has the Pnma lattice from 40 to 125 ◦C) [3,4]. This is known as the MnP-
type structure. VAs is also allowed in this structure, as are heavier metals—RuP, the four
(Ru/Rh)(As/Sb) combinations [5] and WP [6]. The various combinations settle into a range
of ground states. Mn, Cr, and Fe compounds all have a stable, low-temperature magnetic
order [7]. Superconductivity is found in WP [6] through doping in the Ru1−xRhx(P/As)
series [5] or by applying pressure to CrAs and MnP [8–11], with an overall maximum Tc of
3.7 in Ru0.55Rh0.45P. The latter two examples exhibit phase diagrams reminiscent of those
seen in unconventional Fe–pnictide, cuprate, and heavy fermion superconductors. Theoret-
ical work has shown that topological features in the band structure should be preserved by
this structure [12], and linear magnetoresistance with possible links to linear dispersions
has been observed in CrAs [13] and FeP [14].
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Clearly, the choice of elements within the MnP family is central to the properties of the
resulting compound. This is not as trivial a finding as it may seem. The pnictogen atoms are
ostensibly the same in terms of charge transfer. Going across the 3d metals, ground states
change from low-temperature spin density waves in Fe compounds [7,15] to paramagnetic
Co equivalents [16] and paramagnetic NiAs, which takes on an eponymous hexagonal
structure [3]. An overall survey of the trends in this family is important to examining what
stabilizes different magnetic and structural ground states.

While much effort has been dedicated to examining the properties of most of the other
MnP-type materials [6,10,13,14,16–21], CoP has not received as much attention, with the
only reports focusing on crystal growth [22] and magnetic or structural properties mostly
at or above room temperature [3,23]. Here we present data from 300 K down to liquid
helium temperatures, including the electrical resistance and magnetic torque in magnetic
fields above 30 T. High-field measurements have previously been helpful in understanding
electronic structures in this family [14,16,18,19,24,25]. We report the dependence of quan-
tum oscillations in magnetic torque on angle, temperature, and magnetic field. We show
that CoP, like its sibling compounds, has extremely large magnetoresistance, increasing to
more than 80 times ρ(0 T) by 31 T. Combining these new results with previous work on
this family, we can take a broader look at the various permutations of transition-metal and
pnictogen atoms. This helps pin down the origins of certain properties and find general
trends in this system. We find, for example, that high magnetoresistance is independent of
low-temperature magnetic states, and that phosphides generally seem to result in better-
quality crystals than arsenides. These may be useful for narrowing down possibilities for
future research directions.

2. Crystal Growth
Like most other materials in the MnP family [6,16,26,27], CoP can be grown by chemi-

cal vapor transport (CVT) with I2 as the transport agent [28]. In our case, a quartz tube half
the length of a single zone tube furnace was sealed under vacuum with about 1 mg/cm3 of
iodine, and the reactants were placed at the hot end of the furnace; the I2 serves to transfer
material in the gas phase and deposit it as a single crystal at the cold end. Prior work on the
growth of CoP reported a comparison of I2-transported CVT growth using a stoichiometric
elemental ratio to that using prereacted powder [22], revealing larger transfers using the
former setup. However, in this study, we looked for crystal quality rather than size and
found similar quality from both methods, as judged by the residual resistivity ratio (RRR,
calculated as ρ(300 K)/ρ0). Hot end temperatures ranging from 900 ◦C to 1025 ◦C (with
the end of the furnace generally about 200 ◦C colder) had no obvious impact on the results
of growths, which were left long enough at Tmax (typically 10–14 days) for all material to
react. Lattice parameters from powder XRD of ground crystals are a = 5.08 Å, b = 3.28 Å,
and c = 5.59 Å, in agreement with a previous report [3].

3. Physical Properties
The resistivity of CoP has a similar temperature dependence to that of CoAs [16],

with an initial linear decrease from room temperature indicative of dominant electron–
phonon scattering, followed by flattening out at lower temperatures (Figure 1a) when
temperature-independent impurity concentration is the primary source of scattering.
The residual resistivity at 1.8 K is about 0.5 µΩ cm for the best samples, a factor of 2–
4 lower than was seen in CoAs, similar to the improved RRR and ρ0 values of both CrP
and FeP in comparison to CrAs and FeAs [13,18,19]. This general trend is consistent with
overall observations of lower impurity scattering in phosphide binaries as compared to
arsenides.
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Figure 1. (a) Electrical resistivity as a function of temperature for a CoAs single crystal. The inset
shows a power law fit (orange line) of data in the range 20–80 K, yielding exponent n = 2.9. (b)
Low-temperature specific heat of a CoP single crystal. The red line is a fit to the low-temperature
Debye model, and the extracted parameters from the fit are given.

Specific heat measurements were performed down to 1.8 K. The data, when plotted
as C/T vs. T2, can be fit to a straight line, in accordance with the low-temperature Debye
model C/T = γ + βT2. Here the Sommerfeld coefficient γ = 4.3 mJ

K2 mol , slope β =

0.102 mJ/K4 mol and Debye temperature θD = ( 12πNkB
5β )1/3 = 336 K (Figure 1b), with N =

2 the number of atoms per unit cell and kB the Boltzmann constant. These extracted values
are partially lower than the values measured in both CoAs and FeAs [16,29].

Transport measurements up to 31 T were made at the DC Field Facility of the National
High Magnetic Field Laboratory (NHMFL). Magnetoresistance (MR, defined as ρ(B)−ρ(0T)

ρ(0 T) )
is very large in CoP, reaching 100 times the zero-field resistivity value by 31 T at low
temperature (Figure 2). This is another trait that seems to be a general trend with the
phosphides of this group, as all of FeP, MnP, and CrP have much larger MR than their
arsenide counterparts [13,18,19,25]. This can be at least partially attributed to the lower
residual resistivity of the phosphides, which will generally lead to larger MR [30]. It is also
a sign that large MR in the other compounds is not a result of magnetism, as while FeP and
MnP have complex magnetic orderings, CrP and CoP are both paramagnetic [see SI for
the magnetic susceptibility of CoP]. MR is large and nonsaturating in these compounds
at all angles, regardless of anisotropies that could be introduced by a magnetic ordering
wavevector. Similar to the case for FeP, the lowest MR increase in CoP is observed for fields
directed near the c-axis. The inset of Figure 2 presents MR angular dependence taken at
31 T, highlighting a sharp reduction in MR within a narrow angular window near the c-axis.
The minimum value at 31 T occurs at approximately −5◦ from the c-axis, though this may
arise from slight misalignment of either the rotator or the sample. While measurements
were not taken with similarly fine angular resolution near B ∥ a, the observed decrease in
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MR at 86◦ suggests that a comparable effect may occur in that orientation. This behavior
contrasts with FeP, where a field directed along B ∥ a produces the maximum MR. In all
cases, the curves display a gradual crossover to linear behavior at high fields, consistent
with observations in FeAs and FeP.

Figure 2. High-field magnetoresistance of CoP measured with magnetic field transverse to current
orientation, at constant temperature of 600 mK. Angle of field orientation is rotated from c-axis (0◦)
to a-axis (90◦). The inset presents magnetoresistance as a function of angle at a constant field of 31 T,
taken from field sweep data. Note that the 0◦ curve may exhibit Shubnikov–de Haas oscillations.

4. Quantum Oscillations
Quantum oscillations (QOs) were seen in the magnetic torque τ = M × H, measured

via piezoresistive cantilevers [31,32]. These cantilevers are very sensitive and, in the MnP
family, have been able to detect QOs in situations where they are not visible in electrical
transport [16,18].

We attached a CoP crystal to a cantilever on a uniaxial rotator on two different occa-
sions at the NHMFL, with the field rotating in the orthogonal ab and bc planes. Oscillatory
behavior is clear as low as 5 T (Figure 3a,b). Subtraction of a polynomial fit to the data
leaves a purely oscillatory signal, which can be interpolated in 1/B and converted to a
frequency spectrum with a fast Fourier transform (Figure 3c,d).
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Figure 3. Torque magnetometry study of CoP measured up to 35 T, with field orientation rotated
to sweep through both the ab (panel (a)) and bc (panel (b)) planes, using the same crystal sample
for both measurements and presenting a representative set of a more complete angular data set.
Lower panels present the frequency analysis using Fourier tranforms of the residual oscillatory signal
obtained via polynomial subtraction. Panels present 0◦ (c) and 90◦ (d) obtained from data in (a).
In (d), the frequency range has been truncated for ease of reading, eliminating some lower amplitude
peaks at high frequency.

4.1. Angular Dependence

For both rotation planes, there are clear changes in the oscillation pattern with ori-
entation. The resultant map of the observed frequencies is plotted versus the angle in
Figure 4 for both angle sweep directions. Both panels have Greek letters marking filled
symbols corresponding to what we suspect to be the individual cyclotron orbits. Number
subscripts separate peaks that are very close together with similar angular dependence,
and thus may stem from the splitting of a single peak. Other peaks have frequencies
corresponding to integer multiples or combinations of the labeled peaks, and are therefore
likely harmonics or combinations of different 2D orbits around Fermi surface pockets; these
are marked with hollow symbols. Without theoretical input, there is no way to confirm
our assignment of oscillation frequencies, and there is also no way to relate peaks that
appear in the separate oscillation planes except for α β, and their harmonics, which were
observed at the mutual B ∥ b-axis angle. Note that two ζ peaks and µ only appeared in one
measurement. The torque is minimal when the field is along crystal axes, so it is possible
that, in some measurements, lower amplitude peaks (which these were) do not appear.

Most of our presumed independent frequencies (α being an exception) do not change
value significantly with angle, in part because they appear only over a limited angular
range. It is possible that, due to a lack of theoretical input, peaks we have identified with
different letters actually correspond to a single orbit. That being said, FeP also has a large
number of frequencies, very few of which are observed at all angles [33]. The limited
angular range of QOs indicates lowered dimensionality of Fermi surface pockets, expected
to be a generic feature of MnP-type materials [12]. The presence of such pockets leads
to open carrier orbits when the field is perpendicular to a direction in which the pocket
extends infinitely, so QOs will not occur. Such open orbits also lead to nonsaturating,
and frequently large, magnetoresistance [30].
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Figure 4. Angle dependence of quantum oscillation frequencies in CoP field orientations rotated
in the ab (panel (a)) and bc (panel (b)) planes. Suspected independent cyclotron orbits are marked
with filled symbols, Greek letters, and differing colors; suspected harmonics are unlabeled with
hollow symbols.

A large number of quantum oscillation frequency harmonics can arise when carriers
make multiple circuits around Fermi surface pockets without being scattered; in the case
of CoP, with observations of up to four harmonics in some cases, this scenario would be
consistent with the observed low values of residual resistivity. The largest apparently
independent frequency we observe, δ, occupies about 30% of the kb − kc plane for field
along the c-axis. This is comparable, for example, to the pocket size seen in FeAs for some
field configurations [18].

4.2. Temperature and Field Dependence

With increasing temperature, Landau levels broaden and oscillation amplitude de-
creases as RT = αm*T/(Bme)

sinh(αm*T/(Bme))
, with α = 2π2ckB/eh̄ ≈ 14.69 T/K, with speed of light c.

By fitting the change in amplitude with temperature, it is possible to extract the effective
mass for a specific oscillation frequency, m*/me. Due to the presence of several frequencies
in each measurement, we compare FFT amplitudes after an identical extraction procedure.
A comparison of the temperature dependence was performed for the a-b rotation measure-
ments with B along [100], [110], and [010], with results shown for B ∥ b-axis in Figure 5
and Table 1. We tracked only the largest amplitude peak for B ∥ [100] and [110] due to
the low amplitudes of other peaks. For B ∥ [010], the low-frequency oscillation effective
masses increase with frequency, as expected for harmonics of a single fundamental. The
two high-frequency peaks have similar m* values, indicating that they might correspond to
the splitting of a fundamental frequency. All effective mass values near the electron free
mass, though this could be biased by the temperature range we measured over, as orbits
with much heavier masses would have immeasurably small amplitude above a few Kelvin.
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The effective masses obtained via QOs offer another way to calculate the Sommerfeld

coefficient γ =
πNak2

B
3h̄2 aiaj ∑ m∗. ai and aj are the lattice parameters in the plane perpen-

dicular to field [34]. The values obtained are 2.2, 1.4, and 5.3 mJ/K2 mol for [100]-, [110]-,
and [010]-oriented fields. The smaller values obtained for the first two cases, compared to
the 4.3 mJ/K2 mol from specific heat, are expected. As noted, several frequencies could
not be included due to insufficient data points. In addition, this approach does not ac-
count for multiple pockets located at symmetrically equivalent positions in the Brillouin
zone. For fields applied along the b-axis, only the 180 and 9950 T frequencies were used,
as the remaining four observed peaks are likely harmonics or split features rather than
evidence of additional carriers. The resulting value is slightly higher than that from specific
heat measurements, suggesting that no significant orbits are missing and supporting the
interpretation that the other FFT peaks arise from harmonics.
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Figure 5. Analysis of oscillatory component of torque signal in CoP. Panel (a) presents subtracted
amplitude at various temperatures for B ∥ b-axis, with inset showing Dingle factor fit of the lowest
frequency (180 T) oscillation. Panels (b,c) present the Fourier analysis of oscillations at low (b)
and high (c) frequencies for temperatures presented in panel (a). Lifshitz–Kosevich analysis of the
amplitude temperature dependence is presented for low (d) and high (e) frequency oscillation bands
as labeled, with solid lines indicating fits as described in the text.
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Table 1. Quantum oscillations fit parameters from CoP torque oscillation data for different magnetic
field orientations, including results from fits shown in Figure 5d,e. Some of these frequencies are
integer multiples of a lower frequency, and have been labeled as such. As noted, 605 T could be either
the second harmonic of β or the third harmonic of α.

B ∥ [hkl] ID F (T) m*/me TD (K)

[100] ι 8,910 1.21 6.99
[110] α 295 0.46 4.99
[010] α 180 0.49 7.71
[010] β 290 0.61 —
[010] 2α 390 0.94 —
[010] 3α or 2β 610 1.73 —
[010] µ 9,950 1.39 —
[010] λ 10,100 1.61 —

The field dependence of a cyclotron orbit is encompassed by the Dingle factor,
RD = exp[−αm*TD/(Bme)], where TD is the Dingle temperature, a parameter with
units of temperature that quantifies the scattering rate. Since calculation of TD requires
that the corresponding frequency dominate the spectrum, we can only extract three TD

values (Figure 5a). TD values for CoP are middling compared to those found in each of
FeAs and CoAs [16,18]. However, the lighter effective masses in CoP mean that the mean
free path ℓ ∝ m*TD will be longer. This fits well with the large number of harmonics in the
QO spectrum, the low effective carrier masses, and lower residual resistivity in CoP, all of
which support the idea that the P-containing compounds are in some sense “cleaner” than
the As-containing ones. This is not merely due to different growth methods, but also due
to the fact that phosphides are generally grown via vapor transport and arsenides using
flux growth, with the former potentially helping to avoid impurities. The lowest residual
resistivity in FeAs comes using a Bi flux method [18] rather than CVT, but remains higher
than that of FeP.

5. Discussion: Comparing MnP-Type Compounds
The results in this work can be put in the context of the entire MnP family. As noted,

Cr, Mn, Fe, and Co monophosphides have considerably reduced scattering, which serves
to increase their MR. One potential basis for this difference is the increase in spin–orbit
coupling when moving to heavier atoms. It has been shown theoretically that spin–orbit
coupling substantially affects band splitting and topology in this class of materials [12,35].
We note that all of the effective masses we observed in CoP were close to or even lower than
me, and in FeP, the fundamental frequencies not corresponding to harmonics or magnetic
breakdown were similarly below 2me [33]. In contrast, CoAs and FeAs had m* that could
be more than double that [16,18], indicative of the difference in correlated electron behavior
between phosphides and arsenides. Indeed, one work found it necessary to account for
SOC to explain the magnetic ordering found in FeAs [36].

The magnetoresistance across the MnP family provides evidence for open Fermi
surfaces. An early magnetoresistance study of MnP speculated that nonsaturating MR
was seen because the high field limit (ωcτ ≫ 1) was not reached. But by this point,
many MnP-type compounds have been measured in high (>30 T) magnetic fields without
saturation of the MR at any angle [14,16,18,19,37], despite quantitatively reaching that limit.
For example, for CoP, an FS pocket leading with a 1 kT oscillation frequency will reach a
value of ωcτ above 50 by 10 T. A logical explanation is that there are open orbits on the FS,
which will lead to nonsaturating MR. Calculations focusing on CrAs, MnP, and WP predict
coexistence of 2D and 3D FS elements [12]. The concomitant observation of nonsaturating
MR quantum oscillations, which require closed orbits, in CrAs, CrP, MnP, FeP, FeAs, CoP,
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and CoAs [13,14,16,18,19,25], is a sign of the coexistence of two- and three-dimensional
pockets. The same theoretical work noted that, due to the nonsymmorphic nature of
the MnP structure, certain features in the band dispersion were required by symmetry
considerations, regardless of specific chemical composition. A dispersion linear in one
direction but quadratic in another is thought to give rise to linear MR for B ∥ c-axis in
FeP and (under pressure) CrAs [13,14]. Even other binary pnictides tend to have a B-
linear dependence at high enough fields [14,18,19,25,37]. We speculate that common band
dispersion features, such as the presence of both 2D and 3D pockets and the “semi-Dirac
point” most prominently highlighted in CrAs and FeP, lead to common features in the
magnetoresistance of many MnP-type materials.

Table 2 lists the lattice parameters of all MnP-type materials and whether or not they
possess long-range magnetic order. For the pnictogens, behavior is simple: a larger atom
increases lattice size in all three directions. The story is more complex for the transition-
metal site. Moving to the right generally increases a and c and decreases b, but exceptions
can be found. This general pattern increases the distortion to the “ideal” structure [12]
where a = c = b

√
2. In line with that, moving from Cr to Co, magnetic correlations weaken,

with transition temperatures decreasing (compare TN = 270, 120, and 70 K in CrAs, FeP,
and FeAs [7]) before eventually disappearing altogether. This does not explain everything,
as the lattice parameters of CrAs and FeP are near the opposite ends of the range of the 3d-
containing compounds. But we note also that CrAs undergoes an increase in a- and c-axis
length and a sharp b-axis contraction under pressure as the magnetic state is suppressed
and superconductivity emerges [38], moving it further from the “ideal” structure. WP,
the only stoichiometric, ambient-pressure superconductor in this family, also has the largest
c/b ratio (while RhAs and RhBi have been reported to be superconductors [39], we find no
evidence for this, as seen in the SI). Hydrostatic or uniaxial pressure studies, the latter of
which would be especially useful for tuning axis ratios, could give further insight into the
trends linking crystal structure, magnetism, and possible unconventional superconductivity
in this family.

Table 2. Comparison of structural parameters and magnetic ordering for compounds of the MnP
family. Details on growth and basic properties of RhAs and RhSb can be found in the Supplemental
Information. Materials marked with an asterisk (*) are known (or suspected for the case of RhAs—see
SI for details) to exhibit a structural transition to the hexagonal NiAs structure at high tempera-
tures (i.e., >900 ◦C) [40]. Note that lattice parameters have been rounded to two decimal places
for convenience.

Formula a (Å) b (Å) c (Å) Mag. Order

VAs [21] 5.85 3.37 6.29 No

CrP [41] 5.36 3.11 6.02 No

*CrAs [42] 5.65 3.46 6.21 TN = 264 K

MnP [10] 5.26 3.17 5.92 TC = 291 K,
TN = 50 K

MnAs [4] 1 5.72 3.68 6.38 No 2

FeP [14] 5.10 3.10 5.79 TN = 120 K

FeAs [18] 5.44 3.37 6.02 TN = 70 K

CoP 5.08 3.28 5.59 No

*CoAs [16] 5.28 3.49 5.87 No

MoAs [43] 5.97 3.36 6.41 No
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Table 2. Cont.

Formula a (Å) b (Å) c (Å) Mag. Order

RuP [41] 5.52 3.17 6.12 No

RuAs [21] 5.72 3.34 6.31 No

RuSb [44] 5.96 3.70 6.58 No

*RhAs [SI] 5.65 3.60 6.06 No

RhSb [SI] 5.97 3.87 6.34 No

WP [6] 5.72 3.24 6.21 No
1 Only from 40 to 120 ◦C; hexagonal NiAs structure at room temperature. 2 FM in the NiAs structure at room
temperature and below.

6. Methods
Powder X-ray diffraction (XRD) measurements were made using Cu Kα (λ = 1.5406 Å)

radiation. Temperature-dependent transport measurements were made using commercial
cryostat systems with magnetic fields up to 14 T. Magnetic susceptibility was measured
in a 7 T Quantum Design Magnetic Properties Measurement System. Electrical transport
and magnetic torque were measured up to 31 and 35 T, respectively, using two different
resistive magnets at the National High Magnetic Field Laboratory’s DC Field Facility.

7. Conclusions
We have presented data on the low-temperature, high-field electrical and magnetic

properties of CoP, which serves as a jumping-off point for a survey of all the MnP-type
compounds. We can make some general statements about MnP-type binaries: arsenides
show a higher level of correlated-electron behavior than phosphides, leading to heavier
carriers, a higher residual resistivity, and a suppression of magnetoresistance. The choice
of pnictogen atom seems to be the biggest factor in these three properties, even though
ground-state magnetism is determined primarily by the transition metal. Examination
of structural trends shows that ordered magnetism is favored with a less distorted unit
cell, and though there are fewer examples, the opposite may be true of unconventional
superconductivity. This work could serve as motivation for chemical doping or pressure
studies, where further lattice tinkering could uncover even more interesting phenomena in
this group.
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