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Synthesis, structure, and magnetism in the ferromagnet LazMnAss:
Well-separated spin chains coupled via itinerant electrons
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In this work, we systematically report the synthesis, structure, and magnetism of a compound of filled
anti-Mn3Sis type LazMnAss. It crystallizes in a hexagonal structure with the space group of P6;/mcm (193).
The structure consists of face-sharing MnAsg octahedral chains along the ¢ axis, which are well separated by a
large distance of 8.9913 A, demonstrating a strong one-dimensional (1D) structural character. Physical property
measurements indicate that La;MnAss is a ferromagnetic metal with 7¢ ~ 112 K. Due to the short-range
intrachain spin coupling, the susceptibility deviates from the Curie-Weiss behavior in a wide temperature
window and the magnetic entropy corresponding to the ferromagnetic transition is significantly lower than that
expected from the fully saturated state. The magnetic critical behavior studies show that La;MnAss can be
described by the three-dimensional Heisenberg model. The orbital hybridization between the 1D MnAsg chain
and intermediate La atom near the Fermi level reveals that the itinerant electrons play a key role in transmitting
spin interaction among the MnAs, spin chains. Our results indicate that La;MnAss is a rare ferromagnetic metal
with well-separated spin chains, which provides a good opportunity to study the mechanism of interchain spin

coupling via itinerant electrons.
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I. INTRODUCTION

Quasi-one-dimensional (1D) systems exhibit rich physi-
cal phenomena which are drastically different from high—
dimensional ones [1]. For an ideal 1D spin chain, no
long-range magnetic order can exist at finite temperature as
implied in the Mermin-Wagner theorem [2]. On the other
hand, for a quasi-1D spin chain system, although the in-
terchain coupling is generally much weaker than intrachain
couplings, it plays a key role in the formation of the long-
range spin order (LRSO) [3]. Far above the LRSO transition
temperature, short-range spin orders (SRSOs) associated with
the intrachain spin correlation have been developed gradually,
which leads to many exotic physics, such as invisible specific
heat jump corresponding to the LRSO formation in the spin
chain compound BagCr;S;9 because most of the magnetic
entropy has been released due to the formation of SRSOs [4].
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To tailor the three-dimensional (3D) magnetism of quasi-
1D spin chains, monatomic transition-metal oxide chains have
been reported to be deposited on the surface of nonmag-
netic metals Ir and Pt, and the spin chains are found to
be coupled via the interaction exchange with itinerant elec-
trons, the so-called Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction, to form chiral spin order [5,6]. Besides the ar-
tificial spin chains coupled via RKKY interaction, the filled
anti-Mn3Sis type ternary compounds A3;MXs (A = Ba or La;
M = transition metal; X = chalcogen or pnictogen) provide
a unique opportunity to explore the magnetism of 1D spin
chains in bulk materials [7-17]. AsM X5 consists of face-
sharing MX¢ octahedral chains along the ¢ axis, which are
arranged with a triangular configuration in the ab plane and
separated by A and X ions with a significant large distance
of ~9 A, presenting strongly 1D structure character. For a
BasMXs system, most of the compounds exhibit insulat-
ing behavior [4,10-15]. The electron hopping between M X
chains is small, leading to a weak interchain coupling and
thus a very low LRSO transition temperature [4,10,13]. For
example, the trimerized BagV3Se;s featured with 1D ferro-
magneticlike spin chain has been reported to undergo a LRSO
transition at 2.5 K [13]. On the contrary, all the reported
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LasMXs compounds are metallic because the contribution
of La** to the density of states (DOS) at the Fermi level
cannot be ignored [7,9,18-20]. The conducting MX¢ chains
are bridged by La** to form a 3D metal, which should
greatly enhance the interchain electron hopping and thus the
interchain spin coupling. Such as in La3CrAss, the LRSO
ferromagnetic temperature has been increased to 50 K due
to the 3D metallic property. In spite of the metallic nature,
La3CrAss still exhibits 1D spin chain behavior; the magnetic
susceptibility above T¢ deviates from the Curie-Weiss (CW)
law in a wide temperature range due to the SRSOs formation
[7]. Under the synergistic action between the direct magnetic
exchange and the itinerant electron mediated indirect spin
exchange, a ferromagnetism with chiral XY type magnetic
critical behavior was suggested in La;CrAss [8].

The high-pressure technique is a powerful tool to
explore alternative functional materials [4,21-23]. Here, we
report the discovery of a unique material La;MnAss un-
der high-pressure conditions, which consists of face-sharing
MnAsg chains. The electrons in the La-5d, Mn-3d, and As-4p
orbitals contribute to the DOS near the Fermi level and thus
lead to a metallic behavior in LazMnAss. The spin chains
of MnAsg octahedrons are coupled via itinerant electrons to
form a long-range ferromagnetic order with greatly enhanced
Tc ~ 112 K. In addition, the magnetic critical behavior of
Las;MnAss can be described within the framework of the 3D
Heisenberg universality class.

II. EXPERIMENTS AND CALCULATIONS

A polycrystalline sample of LazMnAss was synthesized
under the conditions of high pressure and high temperature.
Commercially available lumps of La (Alfa, >99.99% pure),
lumps of As (Alfa, >99.999% pure), and Mn powder (Alfa,
>99.99% pure) were used as the starting materials. The pre-
cursor LaAs was prepared by the reaction of La and As at
700 °C in an evacuated quartz tube. The obtained LaAs, Mn,
and As were mixed according to the elementary ratio of stoi-
chiometric LasMnAss, pressed into a pellet with a diameter
of 6 mm, then subjected to high-pressure synthesis under
5.5 GPa pressure and 1400 °C for 40 min in a cubic anvil
type high-pressure apparatus, of which the details have been
reported in Refs. [21,24].

The x-ray diffraction was conducted on a Rigaku Ultima
VI (3 KW) diffractometer using Cu K« radiation generated at
40 kV and 40 mA. The Rietveld refinements for the diffraction
patterns were performed using GSAS software packages. The
magnetic measurements were carried out using a supercon-
ducting quantum interference device (SQUID). The resistivity
and specific heat measurements were performed on a physical
property measuring system (PPMS). Soft x-ray absorption
scattering (XAS) at the Mn L, 3 edges was measured at the
beamline BL11A of the National Synchrotron Radiation Re-
search Center (NSRRC) in Taiwan.

The fully spin-polarized electronic structure was calcu-
lated based on the density functional theory (DFT) [25,26] as
implemented in the QUANTUM ESPRESSO (QE) package [27].
The interactions between electrons and nuclei were described
by the ultrasoft pseudopotentials [28]. The generalized gradi-
ent approximation (GGA) of Perdew-Burke-Ernzerhof (PBE)

type [29] was chosen for the exchange-correlation functional.
The kinetic energy cutoffs of the wave function and charge
density were set to be 100 and 1000 Ry, respectively. A
8 x 8 x 12 k-point mesh was used for the Brillouin zone (BZ)
sampling. The Gaussian smearing method with a width of
0.004 Ry was employed for the Fermi surface broadening.
In structural optimization, both lattice constants and internal
atomic positions were fully relaxed until the forces on all
atoms were smaller than 0.002 Ry/bohr. Our optimal lat-
tice constants are ap = 8.97 A and ¢y = 5.96 A, which well
agrees with the experimental measurements. The electronic
correlation effect among Mn 3d electrons was incorporated
by using the GGA + U formalism of Dudarev et al. [30].
The effective Hubbard U on Mn?* is empirically set as 4 eV,
in the range of 3-5 eV of previous studies on other Mn?*
compounds [31-33].

III. RESULTS

A. Structure and phase transition

Figure 1(a) shows the x-ray diffraction pattern for
Las;MnAss. All the peaks can be indexed using a hexagonal
structure with the lattice parameters of a = b = 8.9913(1) A
and ¢ = 5.9416(1) A. Here, the structure of La;TiSbs, crys-
tallizing into the space group of P63 /mcm (193), was adopted
as the initial model to carry out the refinement for the x-
ray diffraction data [34]. The refinement smoothly converges
t0 Ryp = 5.3%, R, =3.4%, and X2 = 3.76. The crystal-
lographic data are obtained and summarized as shown in
Table 1. The sketch of LazMnAss crystal structure is shown
in Figs. 1(b) and 1(c), viewed with the projection along
the ¢ axis and along the [100] direction, respectively. The
crystal structure contains the face-sharing MnAsg octahedral
chains along the c axis, which are arranged triangularly in the
ab plane. In the MnAsg chains, the bonding length of Mn-As
is 2.6735 A and the bond angle of Mn-As-Mn is 67.5°. These
MnAsg chains are separated by La and As atoms with a sig-
nificantly large interchain distance about 8.9913 A, while the
distance between adjacent Mn ions in the chain is 2.9708 10%,
thus exhibiting a strongly 1D structure character.

The oxidation state of Mn ions in LasMnAss was inves-
tigated by XAS at the Mn-L, 3 edge together with MnO,
LaMnOs [35] and StMnOjs [36,37] as Mn?T, Mn®*, and Mn**+
reference materials, respectively, as shown in Fig. 2. One can
see that the spectrum weight shifts toward high energy with
the increase of oxidation state of Mn. LazMnAss and MnO
have the same energy position at the Mn-L, and Mn-L; edges,
but LasMnAss shows fewer multiplet spectral features, which
implies that the oxidation state of Mn in LazMnAss is 42 and
partial electrons in the Mn-3d orbital is delocalized similar to
the situmation in LaMnPO [38].

Figure 3(a) displays the resistivity p(7') of La;MnAss mea-
sured within the temperature range from 2 to 300 K, which
exhibits a metallic behavior with the room-temperature resis-
tivity p (300 K) ~ 2.2 mS2 cm. The metallic state is expected
for the LasMX s system since La®>" in general has nonzero
density of states (DOS) at the Fermi level; the following cal-
culations will further confirm the result. In addition, there is an
anomaly at ~112 K in the resistivity curve, below which the
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TABLE I. The summary of the crystallographic data at room temperature for LazMnAss.

Compound La;MnAss

Space group: P6;/mcm—hexagonal (No. 193)
a=8.9913(1) A ¢=5.9416(1) A

V =41599(1) A3 z=2

x> =3.76,R, =3.4%; R,, =5.3%

100U
Site Wyckoff x y z A
La 6g 0.6233(6) 0 1/4 1.31
Mn 2b 0 0 0 0.58
As(1) 6g 0.2472(3) 0 1/4 0.87
As(2) 4d 173 213 0 3.22
Mn-As 2.6735(3) A Mn-Mn (intra) 2.9708(1) A
Mn-Mn (inter) 8.9913(1) A Mn-As-Mn 67.5(1)°

resistivity decreases rapidly. The anomaly temperature also
can be clearly evidenced by the sharp increase of the steplike
temperature derivative of resistivity d p/dT . This hints that a
phase transition occurs there.

The temperature dependence of magnetic susceptibility
for LazMnAss measured with H = 1000 Oe is shown in
Fig. 3(b). The field-cooling (FC) and zero field cooling (ZFC)
curves are overlapped in the whole measured temperature
range. The susceptibility increases sharply at Tc ~ 112 K, ex-
hibiting a ferromagnetic transition. The inverse susceptibility
1/x vs temperature is presented in Fig. 3(b) as well. In the
high-temperature range of 200-300 K, 1/x(T) displays a
straight line, suggesting that the susceptibility follows the CW
law x ' = (T — Ty)/C, where Ty is the Weiss temperature
and C is the Curie constant, while the susceptibility below
170 K deviates gradually from the line, which should arise
from the SRSOs formation associated with the intrachain
spin coupling. After linearly fitting the high-temperature data,
the Weiss temperature 7 is estimated to be 123 K, which
is 11 K larger than T¢; the positive value confirms that the
dominant interaction is ferromagnetic. The effect moment pi.s
is calculated to be 4.33 ug/Mn, corresponding to the local
spin S = 3.4/2, which is much smaller than the expected
for Mn?* with S = 5/2. This implies that some of the 3d
electrons are itinerant, which is consistent with the results
from our XAS experiments. The inset of Fig. 3(b) shows the
magnetic hysteresis curves measured at 2 K. The saturation
magnetization [, is about 1.8 up per Mn, which is reduced
relative to the local spin of S = 3.4/2. The reduced ordered
moment is a comment phenomenon for a quasi-1D spin chain
system due to the strong quantum spin fluctuation.

The specific heat C(T') curve of LazMnAss measured be-
tween 2 and 200 K under zero magnetic field is presented
in Fig. 3(c). Obviously, there is a small peak at 7c ~ 112 K,
which is consistent with the resistivity and susceptibility data,
further confirming the phase transition. In order to extract the
magnetic contribution Cp, associated with this transition, we
fit the specific heat data to obtain the lattice contribution with
the Thirring model [39]: Cj,r = 3NR(Y_,—, byu™"), where N
is the number of atoms in the unit cell, R is the idea gas con-
stant, u = 2n T /GD)2 + 1, and 6p is the Debye temperature.
This model can achieve an accuracy of ~0.03% with only four

terms for a Debye solid at T = 6p/4. In our case, we use n
= 4 and obtained a reasonable accuracy as demonstrated by
the blue curve in Fig. 3(c). After subtracting the contribution
of lattice, the magnetic contribution Cp,, can be obtained, as
seen in the set of Fig. 3(c). The temperature dependence of
C, exhibits a sharp peak at the TCSH ~ 112 K. Finally, we
can obtain the magnetic entropy through the integration of
Cn/T. The total magnetic entropy change AS caused by the
long-range ordering transition is ~0.8 J/mol K, which is only
~9.5% of the expected value RLn(25 4+ 1) = 8.5 J/mol K;
here the ordered spin S = 1.8/2 is used. This suggests that
most of the magnetic entropy has been released above T¢
due to the formation of SRSOs. Therefore, both the magnetic
data and the specific heat data indicate that La;MnAss has
the properties of quasi-1D spin chains although it is a 3D
metal. Due to the metallic state, the MnAsg chains are coupled
via itinerant electrons although they are separated by a large
distance, which leads to a moderate interchain spin coupling
and greatly enhances the long-range ferromagnetic transition
temperature. This situation is similar to the diluted magnetic
semiconductor (DMS) [40—42], where the diluted magnetic
ions doped in the DMS are coupled with the help of free
charge carriers to form long-range magnetic order.

B. Critical behavior

Now we will turn to the study of the magnetic critical
behavior for LazMnAss since it is an efficient method to help
us to understand the magnetism. For a magnetic transition,
the critical exponents are usually used to identify the critical
behavior. In the vicinity of a second-order FM transition,
the spontaneous magnetization M;|y—_o and initial magnetic
susceptibility x |g—o display power law dependence on the re-
duced temperature ¢ = |T — T¢|/Tc with the critical exponents
of B and y. In addition, just at the critical temperature Tg,
M(H) is power law dependent on magnetic field H with the
critical exponents of 1/§. That is [43,44],

Mly_o ~ (T < Tp), (D
X My—o ~ &(T > To), )
M(H) ~ H'*(T = Tp). 3)
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FIG. 1. (a) The powder x-ray diffraction pattern of LazMnAss
and the refinement with the space group of P6;/mcm (193). (b), (c)
The sketch of the crystal structure of LazMnAss viewed with the
projection along the ¢ axis and [100] direction, respectively, showing
the triangular lattice configuration and chain structure character.

Different critical behaviors can be determined with sets
of critical exponents, which are derived from several theory
models, for example, 8 = 0.364 and y = 1.386 for the 3D
Heisenberg model [45].

Here, the critical exponents for La;MnAss were obtained
by the modified Arrott plot, Kouvel-Fisher method, and crit-
ical isotherm analysis. Figure 4(a) presents the isothermal
magnetization curves of La;MnAss between 101 and 118 K,

SrMnO3

LaMnO3

Intensity (arb. units)

640 645 650 655 660
Photon Energy (eV)

FIG. 2. The Mn-L,; XAS spectra of LazMnAss together with
MnO, LaMnOs, and StMnOs as Mn?>*", Mn**, and Mn*" references,
respectively.

which covers the ferromagnetic transition. These isothermal
magnetization data were replotted in the Arrott plots M? vs
H/M, as shown in Fig. 4(b). According to the mean-field
model, the M? vs H/M curves should be a series of parallel
straight lines under high field. However, all the curves in
the Arrott plots here are unambiguously nonlinear, ruling out
the possibility of the mean-field model. However, from the
positive slopes of the M? vs H/M curves we can speculate that
the ferromagnetic transition in LazMnAss is a second-order
one according to the criterion suggested by Banerjee [46].
Since the mean-field model is invalid here, a modified Arrott
plot should be employed to obtain the critical exponents. In
Figs. 5(a)-5(c), the modified Arrott plots M'/# vs (H/M)'¥
are plotted with the critical exponents of the 3D Heisenberg
model, 3D XY model, and 3D Ising model. All three mod-
els exhibit quasistraight lines in the high-field region. The
normalized slopes (NS) defined as NS = S(T')/S(Tc) (here
Tc ~ 112 K) enables one to identify the most suitable model
by comparing the NS with the ideal value of unity. Figure 5(d)
shows the plots of NS vs T for the three different models,
which indicates that the Heisenberg model is the most appro-
priate to describe the critical behavior of La3MnAss.

To determine precisely the critical exponents, an iterative
process was employed [47]. Starting from the modified Arrott
plots with the Heisenberg model (8 = 0.365 and y = 1.386),
we can get the spontaneous magnetization M (T) and the
inverse of initial magnetic susceptibility x, Y(T) from the
intersections of the linear extrapolation line with the M!/#
and the (H/M)'/7 axis, respectively. By fitting the M(T') and
Xo (T) data with Egs. (1) and (2), we can obtain the new crit-
ical exponents of 8 and y, which we can use to construct new
the modified Arrott plots M'/# vs (H/M)"” until the expo-
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FIG. 3. (a) The temperature dependence of resistivity of
La;MnAss. (b) The magnetic susceptibility and the reverse suscep-
tibility vs temperature. The red line is the fit using the CW equation
between 200 and 300 K. The inset is the magnetic hysteresis curve
measured at 2 K. (c) The temperature dependence of specific heat.
The blue line is the fitting by the Thirring model. The inset shows the
magnetic contribution to the specific heat and the magnetic entropy
corresponding to magnetic transition.

nents are converged. Figure 6(a) presents the itinerant process
and the converged critical exponents g = 0.362(6) with T~
=108.2(1) K and y = 1.379(2) with T = 108.1(1) K. The

M (emu/g)®

2 3 4 5 6
H/M (kOe g/emu)

FIG. 4. (a) Isothermal magnetization (M vs H) curves between
101 and 118 K of La;MnAss. (b) Arrott plots M? vs H /M.

obtained values of critical exponents are very close to that of
the Heisenberg model.

In addition, the critical exponents as well as 7¢ also can be
determined by Kouvel-Fisher relations [44]:

M(T)/[dMs(T)/dT] = (T —T.)/B, “

xo "(T)/[dxy (T)/dT] = (T — T.)/y. S

where the M(T') and x, (T data are obtained from the final
modified Arrott plots. The Kouvel-Fisher plot is displayed
in Fig. 6(b). The temperature dependence of M,/(dM,/dT )
and x, '/(d Xo 1/dT) exhibit straight lines, to which the
linear fittings yield B = 0.386(4) with 7 ~ 108.3(2) K and
y = 1.408(1) with TCJr ~ 108.2(1) K. These values of critical
exponents and 7¢ agree well with the results from the iterative
method.

Besides B and y, another critical exponent § can be de-
duced via Eq. (3) [43,44]. Figure 7 shows the isothermal
magnetization at 108 K, and the inset shows the plot on the
logarithmic scales. The In(M) vs In(H ) plot displays a straight
line. The critical exponent § can be estimated to be 4.83 by the
linear fitting. It should be noted that the critical exponent § is
not an independent exponent. It also can be directly calculated
according to the Widom scaling relation 6 = 1+ y /8 [48].
Here, the values of § and y obtained from the Kouvel-Fisher
method are used for the calculation, and the calculated value
of § is 4.54, which is consistent with the value determined
from Fig. 7.

To further confirm the validity of the above analysis about
the critical exponents and 7¢, we can check whether these
values follow the scaling equation. According to the scaling
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FIG. 5. (a)—(c) The modified Arrott plots at different models: (a) 3D Heisenberg model, (b) 3D XY model, and (c) 3D Ising model. (d) The

normalized slopes NS = S(T)/S(1c) vs temperature for different modes.

hypothesis, in the critical asymptotic region, the magnetic
equation can be written as [48]

H
M(H. e) = eﬁfi<8ﬂ+y), 6)

where f is the scaling function with f, for T > T¢ and
f- for T < T¢. The scaling equation indicates that the plot
of e PM(H, ¢) vs e~ #+*")H should produce two universal
curves, one for T > Tc and the other for T < Tg, if the
critical exponents and 7¢ are reasonable. Therefore, we plot
e PM(H,¢) as a function of e~#+")H using the critical
exponents and 7¢ obtained from the Kouvel-Fisher method,
which is shown in Fig. 8(a). It is clear that the curves in the
higher-field region for all the isothermal magnetization data
collapsed into two separated branches. The inset of Fig. 8(a)
shows the corresponding In-In plot. Similarly, all the points
collapse into two curves in the high-field region. In addition,
this can be further verified by a more rigorous method using
an m?% vs him plot, where the renormalized magnetization
m= ¢ PM(H, ¢) and the renormalized field h = e~ ¥V H.
As shown in Fig. 8(b), all the curves also collapse into two
divided branches. Thus, the values of the critical exponents
B and y and the critical temperature 7¢ obtained by a dif-
ferent method are confirmed to be reliable. The 7¢ value
obtained by the Arrott plot method is lower than that deter-

mined from the magnetic susceptibility experiments, which is
a general phenomenon as has been seen in Cr,Ge,Te [49].
The obtained critical exponents of LazMnAss and those of
different theoretical models are summarized in Table II, from
which it can be seen that the critical behavior in LazMnAss
can be described by the Heisenberg model. It is suggested
that short-range spin exchange interaction should dominate
the transition in LazMnAss. The critical exponents of the
isostructural compound of La3CrAss are included in Table II
as well. The closeness of critical exponents to the chiral XY
model implies La;CrAss should be a frustrated noncollinear
ferromagnet.

C. Calculations

To further study the electronic structure and ferromagnetic
mechanism in LazMnAss, we performed the first- principles
electronic structure calculations. The calculations of total en-
ergy for different magnetic structures suggest a ferromagnetic
ground state for La;MnAss. Among all the magnetic structure
calculations, our calculated magnetic moment on the Mn atom
is always around 4.0 ug, slightly higher than the measured
value of § = 3.4. This may arise from the result that our
calculation cannot completely rule out the effect of itinerant
electrons.
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FIG. 6. (a) The spontaneous magnetization Ms(T) (left) and in-
verse initial susceptibility x, L(T) (right) vs temperature La;MnAss;.
The red is the fitting curves. (b) Kouvel-Fisher plot for
M(T)[dMs(T)/dT]™" (left) and x"(T)[dxy ' (T)/dT]™" (right)
with the solid fitting lines.

Figure 9(a) shows the calculated spin-polarized electronic
structure for LazMnAss, where the red and blue lines rep-
resent the spin-up and spin-down channels, respectively.
Figure 9(b) displays the total density of states (DOS). The
nonzero DOS distribution around the Fermi level is consistent
with the metallic behavior of LazMnAss observed by exper-
iments. Figure 9(c) demonstrates the partial orbital DOS of

e 108K
8 4
g 6 - o’ 22 §=4.83
GE) / S 21
c
= 4': 2.0
5] s 160 165 110
° In (H)
0 ' 2 3 4 5
H (10* Oe)

FIG. 7. The critical isotherm analysis at 108 K. The inset
presents the plot on In-In scale with a fitted solid line.

the intermediate La atom (red line), Mn atom (blue line), As1
atom in the MnAsg chain (purple line), and As2 atom in the
As chain (green line), respectively. It can be seen that all the
atoms have non-negligible DOS around the Fermi level. In
particular, for the Mn atom, nearly all the valence electrons
lie in the spin-up channel, implying a spin-polarized state.
Figures 10(a)-10(d) display the projected orbital weight of
La, Mn, Asl, and As2 atoms in the band structure, where
the orbital weight is represented by the size of the dots on
the band structure and the red/blue dot signals spin-up/down
channel.

As shown in Figs. 9(a) and 10(a)-10(d), there are multiple
bands crossing the Fermi level, which implies a complex
Fermi surfaces (FSs) character in LazMnAss. Figures 11(a)
and 11(b) further display the FSs in the A-I'-M cut of the
Brillouin zone. The FSs with spin-up (red lines) are shown
in Fig. 11(a) and the spin-down (blue lines) channel in
Fig. 11(b). In brief, these electronic states near the Fermi level
can be classified into three types: The first type of FSI in-
cludes 3D + 1D FSs which mainly come from the Asl atomic
orbits in the MnAsg chain, as can be seen with the large orbital
weight of Asl with blue dots in Fig. 10(c). Due to the spin
polarization by the spin-up Mn ions, these electronic states are
slightly spin split. The 3D + 1D FS1 also can be clearly seen

TABLEII. Comparsion of critical exponents of La;MnAss with different theoretical models and related materials (MAP = modified Arrott

plot; KF = Kouvel-Fisher method; CI = critical isotherm analysis).

Composition Technique Reference Tc (K) B y 8

La;MnAss MAP This work 108.2(1) 0.362(6) 1.379(2) 4.81
KF This work 108.3(2) 0.386(4) 1.408(1) 4.64¢!
CI This work 108 4.83

La;CrAss MAP [8] 49.9 0.285(6) 1.162(7) 5.07(1)

3D Heisenberg model Theory [45] 0.365 1.386 4.8

Chiral XY model Theory [8] 0.253 1.135 5.49

Mean field model Theory [45] 0.5 1.0 3.0

3D XY model Theory [45] 0.345 1.316 4.8

3D Ising model Theory [45] 0.325 1.24 4.82
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FIG. 8. (a) Scaling plots of renormalized magnetization m vs
renormalized field 4 below and above T¢ for LazMnAss. The inset
presents the plot on In-In scale. (b) The m?* vs h/m plot.

in Figs. 11(a) and 11(b), where the flat 1D FSs and closed 3D
Fermi sheets are sketched with green dashed lines. The sizes
of FS1 between spin-up and spin-down channels are slightly
different, demonstrating the small spin-polarized state. The
second type (FS2) is a series of 3D Fermi surfaces within a
single spin-up channel, which can be easily distinguished by
the Mn orbital weight in Fig. 10(b). These electronic states
come from the orbital hybridization between the MnAsg chain
and the intermediate La atoms; this orbital hybridization plays
an important role in transmitting spin interaction among the
MnAsg spin chains. FS2 is sketched by purple dashed lines
in Fig. 11(a) which are missing in the spin-down channel in
Fig. 11(b). The last one (FS3) hase two 1D FSs along the I"-A
direction. As shown in Fig. 10(d), these 1D FSs come from the
As2 atoms in the As chain and are nearly spin degenerated.
The two straight yellow dashed lines in Figs. 11(a) and 11(b)
describe the strongly 1D character of this FS3.

To examine the interchain spin coupling strength in the
case of the existence of itinerant electrons, we calculated the
energy differences between the FM ground state and three
AFM ground states of intrachain AFM, interchain striped
AFM, and interchain zigzag AFM, the results of which are
shown in Table III. By mapping the total energies of the
above magnetic configurations to a 3D Heisenberg model
with nearest neighbor spin coupling Jin, (intrachain) and Jiper

(a) 2

LA

A

E-EF (eV)
0%

-1

N
ANAVERY

|
/\

M
AV,

!
)

(b)

Total DOS

—
O
~

Partial DOS

FIG. 9. (a) The calculated spin-polarized electronic band struc-
ture for La;MnAss, where the red and blue lines represent spin-up
and spin-down channels, respectively. (b), (c) The total and partial
orbital density of states (DOS), where the distribution from the La
atom, Mn atom, Asl atom in the MnAsg chain, and the As2 atom in
the As chain are represented by the red, blue, purple, and green line,
respectively.

(interchain) and the measured local spin S = 3.4/2, we get
the Jipga = —6.60 meV and Jjper = —0.87 meV with a ratio of
Jintra/Jinter = 7.59. It is revealed that in La;MnAss, although
the spin chains are separated by a large distance, the interchain
spin coupling is moderate because of the itinerant hybridized
electrons, which leads to a high ferromagnetic transition T¢
relative with a quasi-1D spin chain system with insulating
state.

D. Discussions

For a quasi-1D spin chain system, there are two energy
scales of intrachain spin coupling, Jinw. and interchain spin
coupling Jiner, and the strength of Jiye is usually much weaker
than Jinr, [50]. Due to strong quantum spin fluctuation in

TABLEIII. The calculated energy difference (AE = Expv—FErm)
between the FM ground state and three AFM ground states of intra-
chain AFM, interchain stripy AFM, and interchain zigzag AFM.

Magnetism state FM  Intra  Inter (stripy)  Inter (zigzag)

AE (meV/Mn) 0.0 64.7 20.1 19.5
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r MK A

FIG. 10. (a)-(d) The projected orbital weight of (a) La, (b) Mn, (c) Asl, and (d) As2 atoms on the band structure, where the orbital weight
is represented by the size of the dots. The red and blue dots denote spin-up and spin-down channels, respectively.

a dimension-reduced system, Jiyer governs theLRSO transi-
tion while Jiyy, is responsible for the generation of SRSOs

@) —= (b) A -

spin up spin down

FIG. 11. (a), (b) show the calculated Fermi surface (FS) cut in the
A-T"-M panel of the Brillouin zone for spin-up (red lines) and spin-
down (blue lines) channels, respectively. Here we sketched different
class of FS by colored dashed lines, where the FS1 (green) and FS3
(yellow) are nearly spin degenerate, while the FS2 (purple) are in
single spin channel.

far above the LRSO transition [3]. Many exotic phenomena
emerge due to the existence of SRSOs [7,11,13], for exam-
ple, in BagCr,S;o [4], no specific heat jump was observed
corresponding to the LRSO formation because the develop-
ment of the SRSOs has already released most of the magnetic
entropy before LRSO forms. Besides the 1D magnetic prop-
erties related with SRSOs, the reduced moment is another
common phenomenon of low-dimensional systems [51,52].
Because partial moments are still disordered below the LRSO
temperature due to strong spin fluctuation, the ordered spin
moments are generally found to be reduced relative to the
fully ordered state. Different from Bas;MXs with insulating
state, La;CrAss has been reported to be metallic although it
has a spin-chain structure [7]. It undergoes a LRSO transition
at ~50 K. It is supposed that the interchain coupling Jiner
should be enhanced via the itinerant electrons, which causes
a much higher LRSO temperature than Ba;M X s. In addition,
Las;CrAss demonstrates typical 1D magnetic properties. The
almost invisible kink in the specific heat at 50 K is indica-
tive of very small magnetic entropy change corresponding
to the LRSO transition, suggesting the formation of SRSOs
far above the LRSO transition. For the same reason, the
LRSO transition only causes a very small resistivity change in
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La3CrAss. The fully ordered moment should be 2.3 ug per Cr
(estimated from the effective moment of 3.1 up per Cr) while
the saturated moment at 2 K is reduced by 22% to 1.8 up per
Cr, which indicates the strong magnetic fluctuation due to the
reduced dimension.

La;MnAss is another example which is featured with a
well-separated spin chain structure but with a metallic state.
La3;MnAss exhibits 1D magnetic properties as well, although
it undergoes a high-temperature LRSO transition. The mag-
netic susceptibility deviates from CW behavior at ~170 K,
far above the LRSO temperature, suggesting the SRSOs have
developed due to the intrachain spin coupling. The |Jial
value can be estimated to be 2.4 meV by the equation KzT =
%z[S(S 4+ )|Jinwa|, Where z = 2 is the number of nearest
ﬁeighbor atoms, 7' = 170 K denotes the SRSOs formation
temperature, and the local moment S = 3.4/2. The obtained
value of Jiy, 1s comparable with the theory calculations. Also,
because of the formation of SRSOs, the magnetic entropy
change at 112 K is only ~9.5% of the expected value. The
saturation moment g at 2 K is reduced to 1.8 up per Mn
and the reduction is ~47% of the fully ordered moment of
3.4 up per Mn. In addition, La;MnAss enables us to clearly
see how the interchain spins are coupled via itinerant electrons
by electric band structure calculations. The electric bands
featured with a single spin-up channel near the Fermi level
are mixed with Mn, Asl in the MnAseg chain, and La band
components. It is clear that the orbitals of the MnAsg chain
and the intermediate La atoms are hybridized, and the itinerant
electrons derived from the orbital hybridization act as the
medium to transfer the interaction between local moments.

Now, we compare the differences between LazMnAss
and La3;CrAss. Since the interchain spin coupling governs
the LRSO transition in a quasi-1D spin chain system, a
larger Jiner implies a higher LRSO temperature. Compared
with La;CrAss, the higher LRSO temperature of 112 K in
Las;MnAss indicates that the interchain spin coupling Jipter
should be further enhanced via the itinerant electrons. As
a result, LasMnAss has larger changes of both resistivity
and specific heat corresponding to the LRSO transition. It
is suggested that LasMnAss should have fewer 1D magnetic
characteristics relative to La3;CrAss. Surprisingly, the re-
duction of saturated moment in LasMnAss is larger than
La3;CrAss although the former has fewer 1D magnetic char-
acteristics. In addition, the two compounds have different
critical behaviors: the 3D Heisenberg model for LazMnAss
but the chiral XY model for La;CrAss. For a RKKY magnetic
system, whether local spins are coupled ferromagnetically or
antiferromagnetically depends on both the electronic DOS
near the Fermi level and the distance of local spins. It is

speculated that there should exist severe magnetic frustra-
tion in both LazMnAss and La3;CrAss compounds, where
the interchain spins are coupled via itinerant electrons. As
we know, magnetic frustration usually can lead to the spin
glass state [53], noncollinear chiral spin ordering [54], and
reduced ordered moment [55]. Therefore, chiral XY type
critical behavior observed in La3CrAss is suggested to arise
from magnetic frustration, while for the 3D Heisenberg type
ferromagnet of LazMnAss, magnetic frustration results in a
larger reduction of saturation moment relative to La;CrAss.
LasMnAss as well as LazCrAss are rare examples which
are located in the situation between the usual quasi-1D spin
chain system and 3D magnetism, and provide a good chance
to study the mechanism of coupling between well-separated
local moments via itinerant electrons.

IV. CONCLUSION

In conclusion, a spin-chain compound LazMnAss has been
synthesized under high-pressure and high-temperature con-
ditions. It crystalizes in a hexagonal structure (P63/mcm)
which consists of MnAsg chains separated by a large dis-
tance, 8.9913 A. LazMnAss exhibits 3D metallic behavior,
while it undergoes a ferromagnetic transition at 7o ~ 112 K.
In spite of the metallic state, the deviation of susceptibility
from CW behavior above T¢, reduced ordered moment, and
small magnetic entropy change at 7¢ indicate that Laz;MnAss
possesses the properties of quasi-1D spin chains. The mag-
netic critical behavior can be described with a 3D Heisenberg
model. The DFT calculations demonstrate the existence of
orbital hybridization between the MnAsg chain and interme-
diate La atom around the Fermi level. Our results reveal that
the well-separated spin chains in Laz;MnAss are coupled via
itinerant electrons. Thus, the interchain spin coupling strength
is enhanced and leads to very high T¢ relative to the quasi-1D
spin chain system with insulating state.
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