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SrMn,P, and CaMn,P, are insulators that adopt the trigonal
CaAl,Si,-type structure containing corrugated Mn honeycomb
layers. Magnetic susceptibility x and heat capacity versus tem-
perature T data reveal a weak first-order antiferromagnetic (AFM)
transition at the Néel temperature Ty = 53(1) K for SrMn,P, and a
strong first-order AFM transition at Ty = 69.8(3) K for CaMn;P,.
Both compounds exhibit isotropic and nearly T-independent
x (T < Ty), suggesting magnetic structures in which nearest-
neighbor moments are aligned at ~120° to each other. The 3'P
NMR measurements confirm the strong first-order transition in
CaMn,P, but show critical slowing down above Ty for SrMn,P,,
thus also evidencing second-order character. The 3'P NMR mea-
surements indicate that the AFM structure of CaMn,P, is com-
mensurate with the lattice whereas that of SrMn;P, is incommen-
surate. These first-order AFM transitions are unique among the
class of (Ca, Sr, Ba)Mn; (P, As, Sb, Bi); compounds that otherwise
exhibit second-order AFM transitions. This result challenges our
understanding of the circumstances under which first-order AFM
transitions occur.

first-order antiferromagnetic transitions | SrMn2Ps | CaMnsP» | trigonal
CaAl;Siz structure | incommensurate and commensurate antiferromagnetic
structures

he Mn-based 122-type pnictides AMnzPny (A= Ca, Sr,

Ba; Pn = P, As, Sb, Bi) have received attention owing to
their close stoichiometric 122-type relationship to high- Tt iron
pnictides. The undoped Mn pnictides are local-moment anti-
ferromagnetic (AFM) insulators like the high-T. cuprate par-
ent compounds (1-3). The BaMn; Pny compounds crystallize in
the body-centered tetragonal ThCrsSis structure as in AFesAss
(A = Ca, Sr, Ba, Eu), whereas the (Ca,Sr)Mn, Pny compounds
crystallize in the trigonal CaAl,Siz-type structure (4). Recently,
density-functional theory (DFT) calculations for the 122 pnic-
tide family have suggested that the trigonal 122 transition-metal
pnictides that have the CaAl,Si» structure might compose a new
family of magnetically frustrated materials in which to study the
potential superconducting mechanism (5, 6). It had previously
been suggested on theoretical grounds that CaMn»Sbs is a fully
frustrated classical magnetic system arising from proximity to a
tricritical point (7-9).

The electrical resistivity p and heat capacity C, versus tem-
perature T of single-crystal CaMn»P> were reported in ref. 10.
The compound is an insulator at 7'= 0 and undergoes a first-
order transition of some type at 69.5 K. The Raman spectrum of
CaMn;P- at T = 10 K showed new peaks compared to the spec-
trum at 300 K, whereas the authors’ single-crystal X-ray diffrac-
tion measurements showed no difference in the crystal structure
at 293 and 40 K. They suggested that the results of the two types
of measurements could be reconciled if a superstructure formed
below 69.5 K (10). The authors’ magnetic susceptibility x(7')
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measurements below 400 K revealed no evidence for a magnetic
transition.

Here we report the detailed properties of trigonal CaMn2P»
and SrMn,P; (11) single crystals. We present the results of
single-crystal X-ray diffraction (XRD), electrical resistivity p
in the ab plane (hexagonal unit cell) versus temperature 7,
isothermal magnetization versus applied magnetic field M (H),
magnetic susceptibility x(7T), heat capacity C,(H, T), and 3'P
NMR measurements. We find from C,(T'), x(T'), and NMR that
CaMn;P; exhibits a strong first-order AFM transition at Ty =
69.8(3) K whereas SrMn;P; shows a weak first-order transition
at Tn = 53(1) K but with critical slowing down on approaching
T~ from above as revealed from NMR, a characteristic feature
of second-order transitions. Thus, remarkably, the AFM tran-
sition in SrMnyP> has characteristics of both first- and second-
order transitions. The x(7') data also reveal the presence of
strong isotropic AFM spin fluctuations in the paramagnetic (PM)
state above T up to our maximum measurement temperatures
of 900 and 350 K for SrMnyP; and CaMnP,, respectively.

Significance

With rare exceptions, an antiferromagnetic (AFM) transition
in zero magnetic field is thermodynamically of second order
where the thermal-average magnetic moments of the mag-
netic atoms (ordered moments) vary continuously on cooling
through the AFM ordering temperature Ty with no latent heat
at the transition. Such materials include the AFM pnictides
CaMn;As;, SrMn;As,, CaMn;Sb,, SrMn;,Sb,, and CaMn;Bi,.
Here we demonstrate that the closely related SrMn,;P, and
CaMn, P, insulators instead exhibit first-order AFM transitions
at Ty =53 and 70 K, respectively, where the heat capacity
exhibits a latent heat at Ty. The mechanism causing these first-
order transitions remains to be explained, but its understand-
ing may lead to the development of novel magnetic materials
of technological interest.
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This behavior likely arises from spin fluctuations associated with
the quasi-two-dimensional nature of the Mn spin layers (12)
together with possible contributions from magnetic frustration.
Our single-crystal XRD data at room temperature and high-
resolution synchrotron XRD data at 7' = 20 K for StMn>P, and
CaMn2 P> demonstrate conclusively that there is no structure
change of either compound on cooling below their respective .

Our studies of StMn; P, and CaMn;P; thus identify the only
known members of the class of materials with general formula
AMn, Py containing Mn?* spins S = 5/2 that exhibit first-order
AFM transitions, where 4 = Ca, Sr, or Ba and the pnictogen
Pn = P, As, Sb, or Bi. In particular, only second-order AFM
transitions are found in CaMn2As2 (13), SrMn2As, (13-15),
CaMn,Sb: (8,9, 16-19), StMn2Sbs (16, 19), and CaMn,Bi, (20).

Results and Discussion

Crystallography and Chemical Analysis. Scanning electron-
microscope (SEM) images of the crystal surfaces indicated
single-phase crystals. Energy-dispersive X-ray spectroscopy
analyses of the chemical compositions were in agreement with
the expected 1:2:2 composition of the compounds and the
amount of Sn incorporated into the crystal structure from the Sn
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Fig. 1. (A) Temperature-dependent zero-field—cooled magnetic suscepti-
bility x(T) of SrMn,P; in a magnetic field H = 0.1 T applied in the ab plane
(xap) @and along the c axis (x.). (B) Expanded plot of x(T) between 1.8 and
100 K to highlight the transition. (/nset) Derivative d[x.(T)T]/dT versus T
for H || ¢, yielding Ty = 53(1) K as indicated by the arrow.
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flux is zero to within the experimental error. Single-crystal XRD
measurements on CaMn2P; and StMn2P; confirmed the single-
phase nature of the compounds and the CaAl,Sis-type crystal
structure of each as shown in ST Appendix. The lattice parameters
a and c of the trigonal structure (hexagonal unit cell) are in good
agreement with previous values (10, 11). The crystal structures
of each of CaMn2P3 and SrMn;P; at room temperature and 20
K were found to be the same as noted above.

Electrical Resistivity. The p(7T') data for currents within the basal
ab plane of the crystals from 270 to 400 K for SrMn,P» and
from 150 to 300 K for CaMn,P; were measured as discussed in
SI Appendix. The compounds are insulating for 7' — 0 K with
intrinsic activation energies A = 0.124(3) eV for StMn2P5 and
A =0.088(1) eV for CaMn;P5.

Magnetic Susceptibility. Fig. 14 shows the zero-field—cooled
(ZFC) magnetic susceptibility x(7)= M(T)/H of SrMn2P»
in a magnetic field H = 0.1 T applied in the ab plane (xas) and
along the ¢ axis (x.). These data exhibit an AFM transition at
Tn = 53(1) K, clearly seen from the peak in the expanded plot of
d(x.T)/dT versus T in Fig. 1B according to the Fisher relation
(21). The x(T) below Ty is almost isotropic and the magnetic
phase transition is sharper in x.( 7).

Fig. 2 shows x(T') of StMn2P; from 1.8 to 900 K measured
in H =3 T. Similar x(7) data were obtained previously for a
polycrystalline sample of StMn,P» (14, 22). Unlike most local-
moment antiferromagnets for which x(7) decreases above
T~ according to the Curie-Weiss law, the x(7') above 7x in
SrMn;P: increases with 7, exhibits a broad maximum at about
400 K, and then slowly decreases. Therefore, the present data
suggest that strong dynamic AFM correlations occur up to at least
900 K, similar to corresponding data for the isostructural com-
pounds (Sr,Ca)Mnz(As,Sb), (13, 19). Within a local-moment
picture, these features at 7' > Ty are consistent with SrMnyP»
being a quasi-two-dimensional antiferromagnet. In ST Appendix
an estimate of the exchange interactions J between the Mn spins-
5/2 in SrMnyP; is obtained from the x.(7') data in Fig. 2. If
only nearest-neighbor AFM interactions are assumed to occur
between a Mn spin and its three Mn neighbors within the two-
dimensional puckered honeycomb lattice, we obtain J ~ 34 meV
or J/kg~400 K in temperature units. This result suggests
the presence of strong AFM fluctuations arising from the
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Fig.2. Zero-field-cooled magnetic susceptibility x5 and x. versus T for 1.8
K < T <900K measuredinH=3T.
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quasi-two-dimensional nature of the honeycomb lattice (23)
and/or of frustrating magnetic interactions between the Mn spins.

M (H) isotherms for single crystals of StMn2P2 and CaMn2P»
with H || ab and H || ¢ are shown in SI Appendix. The data for
M, and M. are proportional to H at all temperatures, indicating
the absence of significant ferromagnetic or saturable paramag-
netic impurities. The nearly isotropic M (H, T < Tn) data for
both field directions are consistent with the nearly isotropic
behavior of x(7 < T) in Figs. 1 and 2, as well as Fig. 3B below.

The ZFC magnetic susceptibilities xy = M /H versus T mea-
sured in H =0.1 T and H =3 T applied in the ab plane (H ||
ab, Xab) and along the ¢ axis (H || ¢, x.) for a single crystal
of CaMn3P; are shown in Fig. 3 4 and B, respectively. At first
glance, there is no clear feature of any magnetic phase transition
up to 350 K. However, an expanded plot of the x.(7) data in
Fig. 4, Inset shows a first-order AFM transition at ~69 K. The
temperature derivative of x(7') versus T is plotted for both x.»
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Fig. 3. Temperature-dependent zero-field-cooled magnetic susceptibility

x(T) of CaMn;P, in magnetic fields (A) H=0.1 T and (B) H= 3 T applied
in the ab plane (x,p) and along the c axis (xc). In B, the intrinsic x(T) data
obtained from the high-field slope of M(H) isotherms in S/ Appendix are also
included, denoted as X intrinsic- In A, the increase in the x(T) data on cooling
below 350 K is inferred to arise from a very small amount of ferromagnetic
MnP impurity, whereas in B the impurity magnetization is not as evident in
the 3-T field.
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and x. in Fig. 4, where the first-order nature of the magnetic
transition in x.(7) is more clearly evident and yields the more
precise Tn = 69.8(3) K.

Like SrMn; P>, CaMn.P; is a low-dimensional antiferromag-
net as seen by the very broad apparent maximum in x(7') above
Tx in Fig. 3B. Indeed, the Curie-Weiss temperature region
of x is not reached up to 350 K, indicating that strong AFM
correlations survive to significantly higher temperatures than
plotted. Previous studies of Mn pnictides suggested that for the
d® electronic configuration of Mn?* (S =5/2) in trigonal Mn
pnictides, the nearest-neighbor interactions are very strong and
these compounds tended to have AFM correlations or develop
long-range AFM order due to the competition among different
exchange interactions between the Mn sites (2, 5, 13, 19).

In addition, a small upturn in x.(7') is seen in Fig. 34 below
about 300 K. This is likely due to ferromagnetic (FM) MnP
impurities with Curie temperature T, = 291.5 K (24) that are
present on the crystal surface and/or as an inclusion in the crystal,
similar to BaMn3As; (2) and StMn2As; (13) crystals with MnAs
impurities. From a comparison of Fig. 3 4 and B, this FM MnP
impurity is most clearly seen in the x.(7") datawith H = 0.1 T. In
addition, there is a small upturn in x(7") data below ~40 K, which
is likely due to the contribution of paramagnetic impurities.

From the nearly isotropic and T-independent x(7') of
CaMnzP> and SrMn2P; below Ty in Figs. 1B and 3B, respec-
tively, we suggest that the AFM structures in both compounds
are, or are similar to, a ~~120° c-axis helix or ab-plane cycloid
(25, 26).

Heat Capacity. Fig. 5 4 and B shows zero-field C,(T) data for
SrMn; P, and CaMn;P», respectively. The sharp peaks in C,(7')
at 53 K in StMn2P> and at 69.8 K in CaMnyP, are at the
respective Néel temperatures of the two compounds found from
the above x(7') data. The Cp(T) value obtained at 300 K is
smaller than the classical Dulong—Petit limit of 3nR ~ 124 J/mol-
K for both compounds and similar to that reported in ref. 10
for CaMn;P». Figs. 2 and 3 demonstrate that strong dynamic
short-range AFM correlations persist up to high temperatures, as
was previously found for the isostructural compounds CaMn2 Ass
and SrMn2As; (13). Thus, extraction of the T-dependent lattice
contribution to the heat capacity below 300 K that could then
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order AFM transition at Ty = 69.8 (3) K.
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Fig. 5.

Heat capacity C, versus temperature T for (A) SrMn;P, and (B) CaMn;P; single crystals. (A and B, Insets) C,(T)/T versus T2 forT < 5K, where the

straight lines through the respective data are fits by Eq. 1. A comparison of the conventionally measured C,(T) and single-pulse slope-analyzed C,(T) (using
a heating curve) is shown for (C) SrMn,P, and (D) CaMn;P;, crystals. (C and D, Insets) The latent heat associated with the first-order magnetic transition
(FOMT). The G,(T) values at the FOMT are estimated by subtracting the polynomial-fitted baseline data (dashed green line) from the total C,(T) data in

that temperature region shown in C and D.

reveal the T dependence of the magnetic contribution is not
possible with the information available.

Fig. 5 A and B, Insets show C,(T)/ T versus T? between 1.8
and 5 K. The data were fitted by

C,/T=BT? [1]

appropriate to insulators, where g reflects the low-T lattice con-
tribution that we assume does not contain a three-dimensional
AFM spin-wave contribution. From the fits of Eq. 1 to the data
in Fig. 5.4 and B, Insets, we obtain § = 0.273(1) mJ/(mol K*) for
SrMn2P; and 0.262(1) mJ/(mol K“) for CaMn,P,. The Debye
temperature fp is given by

4 1/3

where R is the molar gas constant and # is the number of atoms
per formula unit [n = 5 for (Sr or Ca)MnzP2]. Using the above
B values we obtain 0p = 329(3) and 314(1) K for StMn2P; and
CaMn;P», respectively.

As seen in Fig. 5 A and B, for both SrMn,P, and CaMn;P,
a very narrow heat-capacity peak occurs at T, and the heights
of these peaks indicate the occurrence of weak and strong first-
order transitions, respectively. Near T\, the experimental C,(T")
data were corrected using the single-pulse slope-analysis method
with heating curves as described in S Appendix and shown in
Fig. 5 C and D. The latent heat Q associated with the first-order
magnetic transition for each compound was calculated by first
subtracting the respective Cp(7T') backgrounds using a polyno-
mial fit and then measuring the area under the resultant peak as
shown in Fig. 5 C and D. For SrMn2P» we obtained @ ~8.7 J/mol
at T =53 K, whereas for CaMn2P; we obtained @ &152 J/mol
at Tn = 69.5 K. The sharp C, peak value for CaMn2 P obtained
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from the slope-analyzed measurements in Fig. 5B is significantly
larger than obtained previously (10). As shown in SI Appendix,
an applied field H = 9 T has negligible influence on Cy,(7T ~Tn)
for both SrMn; P, and CaMn;P5, respectively, as also found for
CaMn;Ps in ref. 10.

NMR. Fig. 64 shows the typical T dependence of *'P NMR
spectra for the H || ab plane in StMn2P>. Above T, a single
line expected for the nuclear spin I =1/2 NMR spectrum is
observed. The details of the observed NMR spectra in the para-
magnetic state and their analysis are given in SI Appendix. When
T is lowered close to Tx =53 K, as shown in Fig. 64, the single
sharp NMR line (denoted by Pur) suddenly broadens due to the
internal field (Hi) at the P site produced by the Mn** ordered
moments in the AFM state. The observed spectra become nearly
independent of T below 40 K as shown in Fig. 6C, where the two
peak positions denoted by P1 (Hp;) and P2 (Hp;) in Fig. 64 are
plotted versus 7.

The internal field Hi,, which is proportional to the Mn2t
sublattice magnetization, was determined as half of the sepa-
ration between P1 and P2. The temperature dependences of
Hiy are shown in Fig. 6D from which we estimated the critical
exponent of the order parameter (sublattice magnetization).
Hine was fitted by the power law Hin = Hineo(1 — 7'/ TN)B with
Tn =53.0 K. The solid line in Fig. 6D shows the curve with
Hint, 0 =0.175 T and 8 =0.13. Here the value of S is much
smaller than expected for any three-dimensional magnetic
material with a second-order phase transition such as 5 = 0.33
to 0.367 for three-dimensional (3D) Heisenberg, 0.31 to 0.345
for 3D XY, and 0.31 to 0.326 for 3D Ising models (27), but close
to 0.125 for the two-dimensional (2D) Ising model (27). These
results suggest a second-order phase transition. In addition,
we followed the reduction in Hj, near Tn and also detected
a critical slowing-down behavior in the T dependence of the *'P
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Fig. 6. (A) Field-swept 3'P-NMR spectra at a resonance frequency of f = 121 MHz for H parallel to the ab plane at various temperatures in SrMn,P, below
Tn. The black curves are the observed spectra. The green and light-red areas are calculated spectra with an incommensurate helical AFM state with different
internal fields of Hi, = 2.0 and 0.5 kOe, respectively. The red curve is the sum of the two calculated spectra. (B) Field-swept 3'P-NMR spectrum at 1.6 K for
H || c. The black curves are the observed spectra and the other colored areas and line are the same with different internal fields (main text). (C) Temperature
dependence of the peak positions for Pyr, P1, and P2 defined in A. (D) Temperature dependence of Hiy, = (Hp; — Hp2)/2. The solid line is the calculated
Hint = Him,O(" — T/TN)ﬂ with Hint,O =0.175T, [’3 =0.13, and Tn =53.0K.

spin-lattice relaxation rate 1/77 around 7n (shown below). AFM state where we assumed three different P sites with differ-
Therefore, the magnetic phase transition for SrMn2P> is con-  ent internal fields along the ¢ axis: Hin,. = 10 kOe (blue area),
sidered to be characterized as a second-order phase transition.  Hiy,. = 8.5 kOe (green area), and Hiy,. = 4.5 kOe (light red
However, the above C,(7T) data suggest a weak first-order area). Although the observed spectrum was not perfectly repro-
transition, so the transition at 7n has characteristics of both  duced by the calculated spectrum, we consider that the analysis

orders of the transition. captures the essential point, evidencing the incommensurate
The broad NMR spectra observed below Ty indicate a dis- AFM state in SrMn2Ps.
tribution of internal fields Hj,, which is reminiscent of a two- Our NMR results are consistent with previous x(7') data for a

horn structure expected for an incommensurate helical structure,  polycrystalline SrMn,P» sample and associated powder neutron-
as has been observed in EuCo2P> (28) and EuCo2As, (29). In  diffraction data (14) that suggested the presence of a complex
fact, the observed spectrum is reasonably reproduced by that low-dimensional (30) incommensurate AFM structure of high-
calculated for an incommensurate helical AFM state shown by  spin Mn** below T = 52(2) K with significant short-range AFM
the green area in Fig. 64, assuming an internal field along the = order well above Tx.

ab plane Hiy op = 2.0 kOe, although we note that one needs Similar ' P-NMR measurements were performed on CaMn,Ps.

to introduce another P site with a smaller Hiy, o, =0.5 kOe  Asin the case of StMn2 P>, a single NMR line was observed in the
(shown by the light red area). The red curve is the sum of two ~ paramagnetic state (for details, see SI Appendix). Although the
calculated spectra that reproduces the observed spectrum. We ~ !P NMR spectra in the PM state are similar to those observed
note a small deviation between the calculated and the observed  in SrMn2Ps, surprisingly, the *'P NMR spectra in the AFM
spectra, especially at the tail of the spectrum. This suggests state below Tn are quite different from the case of SrMn2Ps.
another P site with a slightly different internal field as will be ~ As shown in Fig. 74 for H || ¢, the single NMR line (denoted
seen in the NMR spectrum for H || ¢ described below. Although by Pur) observed in the PM state suddenly splits below Ty into
the multiple P sites may suggest a structural phase transition, mainly three lines at higher and lower magnetic-field positions
the previous neutron-diffraction (14) and our single-crystal X-  with a double-peak structure (denoted by P1, P2, P4, and P5) and
ray diffraction measurements (S Appendix) revealed no change  around a nearly zero-shift position (P3). The detailed changes in
in the crystal structure below Tn of StMn,Ps. The origin of the = the NMR spectrum around the zero-shift position are shown in
multiple P sites is not clear at present; however, it is most likely ~ Fig. 7C. Note here we measured the spectrum with increasing 7.
due to a complicated magnetic structure in StMny P> (ref. 14 and ~ No Pur signal from the PM state could be observed and only the
SI Appendix). signal (P3) from the AFM state was detected at 68 K. Then, Pur

A similar, but much broader, two-horn-like spectrum was  starts to appear at 69.8 K and the P3 signal disappears completely
observed for H || ¢cinthe AFM state as shown in Fig. 6B. Herewe  at 70.2 K. The coexistence of the two signals from the AFM and
measured the spectrum only at 1.6 K and not at higher 7 due to  PM states can be seen in a quite narrow temperature range from
poor signal intensity. The observed spectrum was also reasonably ~ 69.8 to 70 K, indicating a very small hysteresis in the first-order
reproduced by a calculated spectrum for an incommensurate  transition.
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(A) Field-swept 3'P-NMR spectra at a resonance frequency f = 121 MHz for H || ¢ in CaMn;,P; at various T below Tx. The vertical dashed line at

H =7.0204 T represents the zero-shift position (K = 0). (B) Field-swept 3'P-NMR spectrum at 4.2 K for H || ab. (C) Expanded 3'P NMR spectra near the
zero-shift position for temperatures near Tx. (D) Temperature dependence of the peak positions for Pyt and P1 to P5 defined in A.

The distinct splittings of the NMR line below T clearly indi-
cate that the AFM state is commensurate in CaMnzP5, which is
in strong contrast to the case of the incommensurate AFM state
in StMn2P». Similar distinct splittings of NMR lines were also
observed for H || ab, where a more complicated spectrum with
at least 20 peaks was detected (Fig. 7B). Although the spectrum
is complicated and suggests a complex magnetic structure, it is
clear that the commensurate nature holds not only along the ¢
axis but also in the ab plane. The multiple peaks in the NMR
spectra indicate the presence of several P sites with different
internal fields in the AFM state of CaMn3P>, as in the case of
SrMn,P3. Although a possible superlattice crystal structure be-
low Tx in CaMn;P; has been suggested (10), our high-resolution
single-crystal synchrotron X-ray diffraction measurements at 20
K exclude the possibility of superlattice formation below Tn
(SI Appendix). Therefore, the origin of the multiple P sites is most
likely due to a complex magnetic structure in CaMn3P; as is the
case of SrMn,Ps.

Fig. 7D shows the T dependence of the peak positions for H ||
c. Clear jumps in the positions due to a finite internal field at
T~ can be seen. These results clearly show that the AFM phase
transition in CaMn3P- is of first order, consistent with the results
of the Cp(T) measurements.

The different nature of the AFM transitions for StMns P2 and
CaMnP; can also be seen in the 7 dependence of the 3! P spin-
lattice relaxation rate 1/71. Fig. 8 shows the T dependence of
1/T1 T for StMn2P; and CaMn2P, for H parallel to the ¢ axis
and to the ab plane.

For SrtMn,P,, with decreasing 7, 1/T1 T for both field direc-
tions gradually increases and is strongly enhanced below ~ 60
K. For H || ab, 1/T1 T starts to decrease just below Tn = 53
K, exhibiting a clear peak in 1/T1 T that is usually explained
by critical slowing down of spin fluctuations as expected for a
second-order phase transition.

60f8 | PNAS
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In contrast, 1/T1T for both magnetic-field directions in
CaMn.P; does not exhibit a clear enhancement close at
Tn, indicating no critical slowing down of the Mn spins as
expected for a first-order phase transition. In addition, 1/7T1 T
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Fig. 8. Temperature dependence of 1/T;T for SrMn,P, and CaMn,P, for
both magnetic-field directions H || caxisand H || ab plane. The blue solid and
open circles are the results for SrtMn,P, with H || aband H || ¢, respectively. In
the AFM state of SrMn,P,, 1/T, T was measured at nearly zero-shift positions
for H || ab. The red solid and open squares are the results for CaMn,P,
with H || ab and H || ¢, respectively. In the AFM state of CaMn, P, 1/T; T was
measured at the P3 position for H || c and at the lowest-field peak position
for H || ab. The blue and red straight lines show the power-law dependencies
T, T o T% and T* for SrMn,P, and CaMn;P,, respectively.
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shows a discontinuous decrease just below 7n, which again
confirms the first-order nature of the AFM phase transition in
CaMn2P2.

Fig. 8 shows that below T, 1/T1 T shows T°® and T* power-
law behaviors for SrMn2P> and CaMn2P5, respectively. In the
AFM state, 1/71 T is mainly driven by scattering of magnons,
leading to T2 and T* power-law T dependencies due to a two-
or three-magnon Raman process, respectively (31). The weak
T dependence 1/T1 T « T° below 40 K for SrMn2P» cannot
be explained by magnon scattering and suggests the presence of
other magnetic fluctuations in the magnetically ordered state.
On the other hand, the T* power-law behavior observed in
CaMn2P; is consistent with T expected for the three-magnon
relaxation process in AFM materials where the deviation from
the power-law behavior for T' < 20 K could be due to relaxation
associated with impurities.

Finally, we discuss the magnetic fluctuations in the PM state
of SrMn,P; and CaMn;P5. In general, 1/ T; T can be expressed
in terms of the imaginary part of the dynamic susceptibility
X" (g, wo) per mole of electronic spins as (32)

1 2'YNkB q7w0)
T Z A@F == 3]

where n is the nuclear gyromagnetic ratio, the sum is over
the wave vectors ¢ within the first Brillouin zone, A(g) is the
form factor of the hyperfine interactions, and x"'(§,wo) is the
imaginary part of the dynamic susceptibility at the Larmor fre-
quency wo. On the other hand, the uniform x corresponds to the
real component x’ (¢, wo) with ¢ = 0 and wo = 0. Therefore, the
increase of 1/71 T and the slight decrease of x with decreasing T
imply that 3 | A(7)|*x" (4, wo) increases, evidencing a growth of
spin correlations with g # 0 for both systems. Thus, we conclude
that AFM spin fluctuations exist in the PM states in StMn2 P> and
CaMn;P,. We also point out that from the smooth extrapolation
of the T dependence of 1/T1 T, the AFM fluctuations seem to
persist up to temperature much higher than 300 K, consistent
with the x(T') results discussed above and the analysis of x (7" >
T~) of StMn2P; in ST Appendix.

Discussion. Our x(H, T') and Cp(T) measurements reveal first-
order AFM transitions at T = 53(1) and 69.8(3) K for StMn2P»
and CaMn;P», respectively. First-order AFM transitions in H =
0 are rare. Examples include the cubic pyrite-structure insula-
tor MnS, containing Mn>* cations with high-spin S = 5/2 and
(S2)?~ species with Tx = 47.7 K (33, 34), insulating UO, with
Tn =30.8 K (35), and MnO (36, 37) with Tn~120 K. In a
series of papers, it was found that symmetry considerations and
renormalization-group theory could determine whether or not
a given antiferromagnet would exhibit a first-order transition
at its Néel temperature (38-41). The theory correctly predicted
the occurrence of first-order transitions in the above materials
UO2 and MnO at their respective Néel temperatures. It would
be interesting to see whether the same theory would predict the
observed first-order AFM transitions in CaMny P> and StMn; P».
To utilize this theory, the magnetic structures of SrMnyP2 and
CaMn2P;> below their respective Tn need to be known, where
we have ruled out crystal-structure changes below the respective
Tn. Experiments to determine the respective magnetic struc-
tures are planned. We remark that a structural transition at
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Tn was invoked to explain the first-order AFM transition in
GeNCrs (42).

However, the physical origin(s) of the weak and strong first-
order transitions in SrMn,P> and CaMnsP,, respectively, re-
main to be identified but may originate from the quasi-two-
dimensionality of the Mn layers potentially assisted by magnetic
frustration. Additional questions to be addressed include the
following: Why does SrMn;P» show critical slowing down on
approaching Tn from above as revealed from the NMR mea-
surements, which is a characteristic of a second-order transition?
A related question is, Why do other similar Mn compounds
AMn; Pny (A = Ca, Sr, or Ba; Pn = As, Sb, or Bi) discussed in
the Introduction not show first-order AFM transitions instead of
the observed second-order ones? The answers to these questions
may lead to the synthesis and control of magnetic materials with
potential technological applications.

Materials and Methods

Single crystals of SrMn,P, and CaMn,P, were grown in Sn flux (10) as
described in S/ Appendix. Shiny platelike hexagon-shaped single crystals
of SrMn,P, and CaMn;P, were obtained. Chemical analyses of the single
crystals were performed using a JEOL SEM equipped with an energy-
dispersive X-ray spectroscopy detector. Single-crystal X-ray structural anal-
yses of SrMn,P, and CaMn,P, were performed at room temperature as
detailed in S/ Appendix. The single-crystal X-ray structural analysis at 20
K was carried out at the SPring8 synchrotron in Japan, as described in
detail in S/ Appendix. Magnetic susceptibility x = M(T)/H at fixed applied
magnetic field H over the T range 1.8 < T <350 K and M(H) isotherm
measurements for H < 5.5 T were carried out using a Quantum Design,
Inc., Magnetic Properties Measurement System. The M(T) for 300 < T <
900 K was measured using the vibrating sample magnetometer option of
a Quantum Design, Inc., Physical Properties Measurement System (PPMS).
Four-probe direct-current p(T) and C,(T) measurements were carried out
using the PPMS, where electrical contacts to a crystal for the p(T) measure-
ments were made using annealed 0.05-mm-diameter Pt wires attached to
the crystals with silver epoxy. The C,(T) measurements were carried out
using the standard relaxation method implemented in the PPMS. However,
to measure the latent heat at Ty a different technique was used as described
in SI Appendix. NMR measurements of 3'P nuclei with nuclear spin / = 1/2
and gyromagnetic ratio yn/27 = 17.237 MHz/T were conducted using a
laboratory-built phase-coherent spin-echo pulse spectrometer as described
further in SI Appendix.

SI Appendix. S/ Appendix includes details of the crystal growth and chem-
ical analyses, single-crystal structural analyses, electrical resistivity mea-
surements, an estimate of the Heisenberg exchange interaction between
nearest-neighbor Mn spins in SrMn,P;, high-temperature magnetic suscep-
tibility data for SrMn,P,, magnetization versus magnetic-field isotherms,
measurements of the latent heat in the heat capacity measurements, and
3P NMR measurements.

Data Availability. All study data are included in this article and/or
SI Appendix.
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