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Li,Sr[MnN],: A magnetically ordered metallic nitride
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Li,Sr[MnN], single crystals were successfully grown out of Li-rich flux. The crystal structure was determined
by single-crystal x-ray diffraction and revealed almost linear —N — Mn — N — Mn— chains as central structural
motif. Tetragonal blocks of air and moisture-sensitive nitridlomanganate were employed for electrical transport,
heat capacity, and anisotropic magnetization measurements. Both the electronic and magnetic properties are most
remarkable, in particular the linear increase of the magnetic susceptibility with temperature that is reminiscent
of underdoped cuprate and Fe-based superconductors. Clear indications for antiferromagnetic ordering at Ty =
290 K were obtained. Metallic transport behavior is experimentally observed in accordance with electronic band

structure calculations.
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I. INTRODUCTION

Oxides are normally associated with ionic bonding and
insulating electrical transport behavior. When this intuition
fails, particularly interesting physical properties and ground
states can be found. Well known examples are ferrites above
the Verwey transition [1], cuprate superconductors [2], and
delafossites [3]. In general, nitrides tend to behave similar to
oxides; however, metallic behavior is arguably even more rare.

Binary transition metal nitrides attract considerable interest
due to their valuable mechanical, electrical, and magnetic
properties. In contrast, chemistry and physics of multinary
nitrides have been far less thoroughly explored [4]. Ni-
tridometalates of d metals T represent an interesting class of
solid-state phases, which contain nitrogen as isolated anions
N3~ or feature complex anions [T,N,]*~ of different dimen-
sionalities with coordination numbers of 7" by N typically
between two and four and oxidation states of the transition
metals being comparatively low. Whereas the bonding within
these complex anions and frameworks is essentially covalent,
nitridometalates are stabilized by predominantly ionic bond-
ing through counterions of electropositive metals like alkali
(A) or alkaline-earth (AE) cations.

Nitridomanganates show a wide variety of structures
and properties: manganese may be coordinated tetrahedrally
(Li7[MnYNy] [5]) or trigonal-planar (Liy[Mn""N3]3N, [5],
Cag[Mn'"'N3]N; [6], Ca3[Mn""Ns] [7], Sr3[Mn""N3] [8,9],
Ba3;[Mn'"N3] [8,9], and Srs[Mn"™VN3]; [10]) in isolated
units; ethane-like units are observed in LigCay[Mn}YNg] [11]
and LigSro[Mn}YNg] [12]. Charge ordering is observed in
chains of edge-sharing tetrahedra in Ba4[Mn131’WN6] [13]
whereas complex 2D structures of mixed valent manganese
in both tetrahedral and trigonal-planar coordination are ob-
served in Calz[MnIII;HNB] and Cajs3 [MnIZII’IGHN%O] [14]. Both
of those semiconducting phases order antiferromagnetically;
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their localized magnetism originates from only a small frac-
tion of the Mn atoms not involved in metal-metal bonding and
is characterized by a large orbital contribution. Anti-rutile-
type (Mn,_,Li,)N [15] features 3D networks of trigonal-
planar coordinated manganese. Linear substituted chains
[(Li;_yMn,)N] are observed in Liz[(Lil,ani)N] [5,16],
Lis[(Li;_,Mn:")N]; [5], and Li>Ca[(Li;—_,Mn,)N], [17].

The single-crystal growth of nitrides is often challenging
due to the large dissociation energy of the N, molecule, the
reactivity of the starting materials and enhanced vapor pres-
sures, but the high-temperature centrifugation aided filtration
(HTCAF) technique [18,19] using Li as a flux provides a
powerful tool to produce large single crystals of a large variety
of phases even in complex systems such as nitridometalates
(e.g., LirSr[(Li;_,Fel )N], [20], LiSr2[Co'N,] [21]) or nitride
metalides like LiSr3Ga,N [22]. Although magnetic proper-
ties were reported for only few nitridometalates containing
alkaline-earth metals, these new phases show high magnetic
anisotropy (Li»Sr[(Li;_,Fel)N], [20]) and ferromagnetic
(LiSr,[Co'N»] [21]) or antiferromagnetic (LiSr, [Fe'N»] [23])
ordering.

Here we present a metallic nitride based on the ionic
alkali-alkaline-earth-nitrogen host LisSrN, substituted with
Mn. Since Mn almost fully occupies one of the two Li
sites of LisSrN, and is absent on the other one, we refer
to the material as Li,Sr[MnN],. The phase is isotypic to
Lip Sr[(Li; _xFe)IC )N]», but shows a significantly different mag-
netic behavior [20]. Single crystals of several millimeter along
a side can be obtained from Li-rich flux. We find clear indi-
cations for magnetic ordering close to room temperature and
metallic electrical transport behavior.

II. METHODS

Starting materials were lithium rod (Evochem, 99 %), man-
ganese powder (Alfa Aesar, 99.9998 %), strontium nitride
(Sr,N) powder [prepared from strontium metal (Alfa Aesar,
distilled dendritic pieces, 99.95 %), and nitrogen (Westfalen-
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FIG. 1. Crystal structure of Li, Sr[MnN],, the unit cell is indicated by the grey lines (space group I 4;/amd). Mn is substituted in linear,
two-fold coordination between N. One set of the —N — Mn — N — Mn— chains is oriented vertical, the other one roughly perpendicular to the

paper plane.

gas, 99.999 %, additionally purified by molecular sieves and
BTS catalyst)] and sodium azide (NaN3) powder (Roth, 99 %)
as a further nitrogen source. Tantalum ampules were produced
on-site from precleaned tantalum tube and tantalum sheet
(Plansee) in an arc furnace located within a glove box.

Laue back-reflection pattern were taken with a digital
Dual FDI NTX camera manufactured by Photonic Science
(tungsten anode, U = 20 kV). The calculated pattern as well
as the picture of the crystal structure were created using
CrystalMaker and SingleCrystal. Laboratory powder x-ray
diffraction data of finely ground (gray) powder samples were
collected on a Huber G670 imaging plate Guinier camera
using a curved germanium (111) monochromator and Cu-Kea 1
radiation in the range 4° < 26 < 100° with an increment of
0.005° at 293(1) K. The powder samples were placed between
Kapton foils to avoid degradation in air. All preparations and
sample handling were performed under inert atmosphere (Ar).
Phase identification was done using the WinXPow program
package [24].

The crystal structures (Fig. 1) and the compositions of
several crystals obtained in different experiments of the title
compound Li,Sr[(Li;_,Mn,)N], were refined from single-
crystal x-ray diffraction data. Data for single crystals 1,2, and
4 were collected at temperatures 400 K, 300 K, and 100 K,
respectively, on a Bruker APEX2 diffractometer with a D8
goniometer and Ag-Ka (1 = 0.56087 A) employing Helios
mirror optics (Incoatec). The crystal was kept at 100 K and
400 K using a Cryostream 700 low-temperature device (Ox-
ford Cryosystems) during data collection. Using Olex2 [25]
the structure was solved with the ShelXS [26] structure so-
lution program using Direct Methods and refined with the
ShelXL [27] refinement package using least-squares minimi-
sation.

Data for single crystal 3 was collected at room tem-
perature on a Rigaku AFC7 four circle diffractometer
equipped with a redSaturn 724+ CCD detector (Mo-Ko
radiation, graphite monochromator). For numerical absorp-
tion correction, an optimized shape of the single crystal
was employed [28,29]. After data collection the structure
was confirmed by direct methods, using SHELXS [26] and
subsequently refined by using the full-matrix least-squares
procedure with SHELXL [27].!

'Further details on the crystal structure investigations may
be obtained from the Fachinformationszentrum Karlsruhe, 76344

The magnetization was measured using a 7 T Magnetic
Property Measurement System (MPMS3) manufactured by
Quantum Design. The electrical transport properties were de-
termined via a four-probe measurement with spring loaded
contacts that are separated by 0.5 mm each. The side of the
few millimeter sized samples on which the contacts were
placed was ground off under argon atmosphere before each
run. This served to remove insulating layers from the surface
of the crystals, which are sensitive to air and moisture. Due to
the limited size of the available crystals and the measurement
setup, it was not possible to investigate the anisotropy of
electrical transport. A 14-T Physical Properties Measurement
Systems manufactured by Quantum Design was utilized to
perform temperature and magnetic field dependent. The data
shown in this paper were obtained from ac electrical trans-
port measurements at a frequency of 117 Hz and 9 Hz. The
specific electric resistivity was calculated from the measured
resistance based on the sample geometry by following the
procedure described in Ref. [30].

Density-functional (DFT) band-structure calculations were
performed in the FPLO code [31] using local-density approx-
imation (LDA) for the exchange-correlation potential [32].
Correlation effects in the Mn 3d shell were introduced on the
mean-field DFT+4U level with the double-counting correction
in the atomic limit. The on-site Hund’s coupling was fixed
to Jy = 1 eV, while the Coulomb repulsion parameter U was
varied between 1 and 10 eV to explore the influence of corre-
lation effects on the electronic structure. Magnetic moments
in spin-polarized calculations are estimated by the internal
routine of FPLO via projections on local atomic orbitals. Ex-
perimental structural parameters at 300 K (data set 2b) were
used in all calculations.

II1. SINGLE-CRYSTAL GROWTH

Due to the air and moisture sensitivity of both the reactants
(Li, NaNj3, Sr;N) and the final product Li,Sr[(Li;_,Mn,)N],
all manipulations including grinding and weighing, as well as
complete sample preparations for measurements were carried
out in an inert gas glove box (Ar, O,, and H;O < 1 ppm).
Large single crystals of LipSr[(Li;_,Mn,)N], in the form of

Eggenstein-Leopoldshafen, Germany (Fax: +49-7247-808-666; e-
mail: crysdata@fiz-karlsruhe.de), on quoting the depository numbers
CSD-2087108-2087111, the names of the authors, and the journal
citation.
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square columns with a silverish luster were obtained by reac-
tion of Sr,N, Mn, NaN3, and Li in molar ratio 10 : 34 : 1 : 340
with NaNj; acting as a nitrogen source and Li as flux and
mineralizer.

The mixtures with total mass of about 0.6 g were placed
into tantalum ampules equipped with a sieve [33], sealed by
arc welding under inert atmosphere of 700 mbar argon and
subsequently encapsulated in a quartz tube with an internal
argon pressure of 300 mbar in order to prevent oxidation of
the tantalum. The samples were heated from room tempera-
ture to T = 1023 K with a rate of 100 Kh™!, annealed for
2 h, subsequently cooled to 600 K with 1 Kh™! and further
with 2 Kh™! to 400 K. After centrifugation with 3000 min~!
employing the HTCAF method [18,19] to separate the single
crystals from the excess flux.

Large single crystals of the title compound in form of
tetragonal columns with a silverish black luster were ob-
tained in addition to greenish black single crystals of the new
phase LisSr[MnN3] and a small amount of hexagonal reddish
black LisN as side phases. Using a two-probe multimeter,
the differently colored phases showed remarkably different
resistivities further enabling the discrimination of the various
phases. Small single crystals suitable for x-ray diffraction
were obtained either directly selected from the product or by
crushing larger specimens. One of the largest Li,Sr[MnN],
single crystals obtained is shown as an inset of Fig. 2(a).

The HTCAF technique using a Li-rich flux has been suc-
cessfully employed for the growth of large single crystals
of Mn-substituted LisStN,. However, it was not possible to
obtain single phase material using this reaction route up to
now. Although no binary intermetallic phases seem to be sta-
ble under these conditions, other nitrides and nitridometalates
may form in this quinary (Li-Sr-Mn-N-Ta) system depending
on composition, temperature, and reaction time. Whereas the
ratio AE/N significantly influences product formation, the
amount of Li as flux seems to play only a minor role. During
short-term reactions, excess N results in formation of highly
oxidized transition metals or Li3N, whereas after long reaction
times also reactions with the crucible materials come into play
as evidenced by the formation of Li;[TaNy]. Our attempts to
synthesize strontium nitridomanganates yielded a large vari-
ety of phases such as LiZSr[(Lil,ani)N]g, LisSr[Mn"N5],
or Sr3[Mn"N3]. Whether large single crystals of other known
nitridomanganates as well as phases with Mn in other oxi-
dation states can be grown by adjusting temperature profile
and/or the ratio of the starting materials is subject of ongoing
research. Altogether, the HTCAF method may prove a useful
tool for a wide range of applications.

IV. CRYSTAL STRUCTURE

Figure 2 shows the x-ray powder diffraction pattern
measured on a ground mixture of single crystals of
LipSr[(Li;—Mn,)N], and LisSr[MnN3]. Lattice parameters
of a = 3.8087(3) A and ¢ = 28.334(4) A obtained from the
LipSr[(Li;—+Mn,)N], powder differ somewhat from single-
crystal data (see below) indicating a variation of the Mn
concentration within the samples. The decrease in a by
0.34 % and increase in ¢ by 4.8 % with increasing Mn con-
tent x in comparison to the parent compound LisStN, (a =

3
(a)
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FIG. 2. X-ray diffraction pattern measured after grinding part
of the product obtained by Li-flux growth. Both Li,Sr[MnN], and
LisSr[MnN3] were identified (Cu-Koa radiation, A = 1.54056) (a).
The inset shows a single crystal of Li;Sr[MnN], on a millimeter
grid. (b) Laue back-reflection pattern recorded along the ¢ axis of
the Li, Sr[MnN], single crystal shown above. The calculated pattern
(red spots) is slightly rotated for clarity.

3.822(2) A, ¢ = 27.042(9) A [34]) is in line with the trend
reported for the isotypic iron (x = 0.32, a = 3.79536(9) A,
¢ =27.6492(13) A [20]; x = 0.46, a = 3.7909(2) A, ¢ =
27.719(3) A [35]), cobalt (x = 0.3, a = 3.7363(3) A, ¢ =
27.9063(24) A [23]), nickel (x =0.1, a =3.823(1) A,
c =27.074(5) A [34]), and copper phases (x = 0.39, a =
3.770(1) A, ¢ = 27.386(6) A [36]).

Smaller crystals were obtained from several different
crushed samples and selected for single crystal x-ray diffrac-
tion at several temperatures. The results are summarized
in Tables I-IV. LipSr[(Li;—,Mn,)N], crystallizes tetragonal
in space group /4;/amdand is a substitution variant of
Li4SI‘N2 [34]

Predominant structural feature of Li,Sr[(Li;_,Mn,)N],
are 2D fragments of the LizN structure with composition
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TABLE 1. Crystallographic data and experimental details for the single-crystal structure refinements of different crystals of

LirSr[(Li;_ Mn,)N],.

Sample 1 2 3 4

TIK] 400 300 295(2) 100

Mn occupancy (x) 0.954(5) 0.946(3) 0.931(5) 0.949(4)
crystal system tetragonal tetragonal tetragonal tetragonal
space group I4;/amd(No. 141) 14y/amd(No. 141) 14,/amd(No. 141) 14,/amd(No. 141)
a[A) 3.8151(3) 3.8115(4) 3.8126(2) 3.8101(6)
c[A] 28.445(2) 28.347(3) 28.372(3) 28.245(5)

v [A%] 414.02(7) 411.82(10) 412.41(6) 410.03(14)

Z 4 4 4 4

Peate [gem ™3] 3.769 3.778 3.740 3.800

crystal color, habit
crystal size [mm)]

silverish, black, blocks
0.175%0.153 x 0.115

silverish, black, blocks
0.223x0.16 x 0.107

silverish, black, blocks
0.15x0.18 x 0.20

silverish, black, blocks
0.192x0.185 x 0.126

w [mm~!] 9.791 9.821 18.264 9.875

Sin Opax /A [1/A] 1.00 1.00 0.89 1.00
diffractometer BRUKER APEX2 BRUKER APEX2 RIGAKU AFC7 BRUKER APEX2
wavelength [A] 0.56087 (Ag-Ka) 0.56087 (Ag-Ka) 0.71069 (Mo-Ka) 0.56087 (Ag-Ka)
monochromator mirror optics mirror optics graphite mirror optics
scan mode ® scans ® scans @ scans ® scans
measured reflections 13690 7790 3266 8813
observed reflections 525 509 370 512

Lo > 20(1,)]

Rint 0.0517 0.0418 0.0765 0.0508
number of parameters 16 16 16 16
goodness-of-fit on F? 1.345 1.216 1.161 1.274

wR2 0.0616 0.0554 0.0981 0.0659

RI1 [F, > 40 (F,)] 0.0320 0.0249 0.0376 0.0300

R1 (all data) 0.0354 0.0291 0.0507 0.0332
residual electron density 1.31/-1.57 0.920 /-0.788 1.66/-2.01 1.520/-1.343

[e x 107 pm—3]

Li[(Li;—yMn,)N]. These slabs are connected by tetrahedrally
coordinated Sr atoms and stacked along [001] in such a
way that each layer is rotated 90° to the previous one.

TABLEII. Atomic positions and equivalent displacement param-
eters [] for Li,Sr[(Li;_,Mn,)N], for crystals 1-4. The Li occupancy
on the MnLi site is obtained by 1 — x(Mn), all other parameters for
this site were constrained to equal values for Mn and Li.

Powder as well as single-crystal x-ray diffraction revealed
slightly varying Mn-concentrations of x = 0.94 £ 0.02; the
slight differences between powder and single-crystal data

TABLE III. Anisotropic displacement parameters [?] for
Li,Sr[(Li;_,Mn,)N]; for crystals 1-4. (U, = U3 = Uy = 0, Li and
Mn on the MnLi site were treated identical).

X y Z Ueq x(Mn) Atom Uy U, Uss
Srl 1/2 1/4 1/8 0.01016(9) Srl 0.01062(12) 0.00923(15)
0.00838(7) 0.00836(9) 0.00843(12)
0.01286(19) 0.0114(2) Uy, 0.0157(3)
0.00420(8) 0.00404(10) 0.00451(13)
MnLi 0  3/4  0052132)  0.01076(13) 0.954(5)  MnLi 0.00363(18) 0.0145(2) 0.0142(2)
0.05210(2) 0.00844(10)  0.946(3) 0.00300(13) 0.01057(16) 0.01174(18)
0.05209(3) 0.0118(3) 0.931(5) 0.0057(3) 0.0131(4) 0.0165(5)
0.05213(2)  0.00470(11)  0.949(4) 0.00195(17) 0.00571(19) 0.00643(19)
N1 1/2  3/4 0.05444(10)  0.0091(4) N1 0.0039(8) 0.0100(10) 0.0134(9)
0.05452(8) 0.0076(3) 0.0039(6) 0.0078(7) 0.0110(7)
0.05455(15)  0.0128(7) 0.0109(16) 0.0111(16) 0.0165(18)
0.05450(9) 0.0051(3) 0.0032(8) 0.0047(9) 0.0076(8)
Lil 1/2  3/4  -0.0225(3) 0.0156(13) Lil 0.021(4) 0.012(3) 0.014(3)
~0.0226(2) 0.0128(9) 0.016(2) 0.009(2) 0.013(2)
—0.0224(4) 0.0182(18) 0.015(4) 0.018(4) 0.022(4)
-0.0223(3) 0.0096(11) 0.012(3) 0.006(3) 0.010(2)
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TABLE 1IV. Relevant distances (in A) and angles in

Li,Sr[(Li;_,Mn,)N], [A] for crystals 1-4.
1 2 3 4

Sr1-N1 4x  2.769(2) 2.761(2) 2.762(3)  2.756(2)
N1-MnLi 2x  1.9087(2) 1.9070(2) 1.9076(2) 1.9062(3)
N1-Lil 2x  2.113(4)  2.1103)  2.113(5) 2.111(3)
N1-Lil 1x 2.189(8)  2.185(6)  2.184(11) 2.170(7)
/N1-MnLi-N1  176.0(2) 175.92) 175.8(3) 176.0(2)

may also stem from slight inhomogeneities within the sam-
ples. As indicated by the notation of the chemical formula,
LipSr[(Li;—+Mn,)N],, the substituted Mn atoms occupy only
one of the two Li-sites: whereas there is no evidence for
substitution on the trigonal planar coordinated Li position,
the almost linearly [/N1-MnLi-N1 = 176(0.2)°, see Ta-
ble IV] coordinated chain position [(Li;_,Mn,)N] is nearly
completely substituted by Mn [x = 0.94(2), see Table II ].
Compared to a truly linear chain, the (Li;_,Mn,) atoms are
deflected towards the Li[(Li;_,Mn,)N] slabs. A designation
as Li;Sr[MnN], is also conceivable and used in this article,
since on average only every 18th manganese atom within the
chains is substituted by lithium. Laue back-reflection pattern
calculated based on the obtained structure are in excellent
agreement with measurements recorded on large single crys-
tals [Fig. 2(b)].

The structural feature of linear substituted chains
[(Li;_yMn,)N] is also observed in Lig[(Lil_ani,)N] [5,6],
Lis[(Li;_,MnN]; [5], and Li,Ca[(Li;_Mn,)N], [17].
Whereas distances d(Li;_,7,-N) decrease significantly with
increasing x for T = Fe, Co, Ni [37] and to a certain extent
Cu [36], this effect is less pronounced in nitridomangantes:
d(Li;_yMn,-N) = 1.9076(2) A in Li>Sr[(Lio.07Mngo>)N],,
1911 A in Lis[(LiossMnge,)Nls  [5], 1914 A
in  Lis[(Lip,7Mn},5)N]  [16], and 1916 A in
Li,Ca[(Lig.0Mng.94)N], [17] compared to d(Li-N) = 1.938 A
in Li3N [38] and 1.913 A in Li4SrN, [34].

Considering all isotypic substitution variants, the
manganese phase is a special case, as there is almost complete
substitution [x = 0.94(2)] of the linearly coordinated lithium
position—compared to obtained substitution levels in
LiZCa[(Lil_xFex)N]zz x=0.3 [35], LiZSr[(Lil_xFex)N]zz
x =046 [35], LipSr[(Li;_yCo,)N],: x=0.3 [23],
LisSr[(Li;_(Ni,)N],: x =0.1 [34], LirSr[(Li;_,Cu,)N]5:
x =0.39 [36]. It is also interesting to note that the angle
ZN-T-N in the chain [(Li;_,7,)N] increases (x =0:
174.5°) [34] with increasing x for all T to values between
175.5 and 177.5°. In contrast, Li,Ca[(Li;_,Mn,)N], [17]
exhibits a different structure type.

V. ELECTRICAL TRANSPORT

Initial two-probe measurements using a standard multime-
ter indicated metallic behavior and motivated more accurate
resistivity measurements as a function of temperature, ex-
citation current, and magnetic field. Figure 3(a) shows the
temperature-dependent electrical resistivity, p(7) for j L
¢ measured on two different samples (with dimensions of

600 T T T T T T T T T T T T T
- (@)
500 .
sample |
400 F .
S
[&]
%300 i sample |l
Q
200 -—- - .
100 | I=3mA _
L jlc
o 1 " 1 " 1 " 1 " 1 " 1 " 1
0 50 100 150 200 250 300
T (K)
100 | (b) " 20-_(0) Hlc ]
- . - | ]
80 [ = 4 10} 4
L n IS L ]
<< 60 | n - \g - -
st P .
aop = 157} W
20 = 1 2T roosk ]
0 " " 1 " 1 ] -30—1 P T B l’l—ll//lcll-
0 20 40 02 46 810121416
U (V) HoH (T)

FIG. 3. Electrical transport properties of Li;Sr[MnN], obtained
by using spring-loaded, four wire contacts. (a) Linear temperature-
dependence and relatively low absolute values at room temperature
as key properties of metallic systems. (b) Ohmic current-voltage
characteristics. (c) Pronounced anisotropy of the magneto-resistance
at low temperatures.

3.0x23x0.6 mm and 4.8 x 2.5 x 1.9 mm for sample
I and sample II, respectively). Absolute values amount to
o ~ 500 uQcm at room temperature, a value that is larger
than the one of elemental metals (for example 140 puSQcm
for Mn). Resistivities of this order of magnitude are some-
what smaller or comparable to what is referred to as “bad
metal” [39]. A linear temperature-dependence—a key prop-
erty of a metallic material—is observed above T =~ 200 K.
The residual resistivity ratio of RRR > 3 indicates an ac-
ceptable sample quality. The gaps in p(T) at T < 100 K
that appear for sample I are caused by a temporary loss of
contacts caused by thermal expansion and/or a mechanical
blocking of the springs. Storing the measurement setup in a
desiccator in between the runs helped to prevent those contact
failures.

Ohmic current-voltage characteristics are found up to cur-
rents of at least 0.1 A [Fig. 3(b)]. Using larger currents
increases the risk of loosing the contacts presumably due to
heating at the contact tips, which causes a local disintegration
of the sample material.

The magnetoresistance was measured for two different ori-
entations of the crystal: H L ¢ with j || H and H || ¢ with
Jj L H. Figure 3(c) shows pronounced anisotropy and mod-
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FIG. 4. Temperature- and field-dependent magnetization of
Li,Sr[MnN],(T > 2 K). (a) Magnetic susceptibility x = M/H
exhibits low anisotropy and temperature dependence. The magne-
tization is linear in field (inset). A clear anomaly is observed at
Ty =290 K. (b) H || ¢: The step-like decrease in x(T') at Ty in-
dicates antiferromangetic ordering in accordance with the anomaly
shifting to lower temperature in larger applied fields. (¢) H L ¢: a
well-defined maximum is observed for uoH < 1T at Ty. For larger
applied fields x (') shows a monotonic increase upon cooling with a
change of slope at Ty .

erate absolute values obtained at T = 2.5 K: the resistivity
increases for field applied perpendicular to the ¢ axis but
decreases for field applied parallel to ¢ (that is perpendicular
to the —N — Mn — N — Mn— chains).

VI. MAGNETIZATION

A single crystal with a total mass of m = 6.04 mg and di-
mensions of roughly 2.5 x 1.5 x 0.6 mm was employed. The
magnetization was measured for two orientations: The applied
field was aligned parallel (H || ¢) or perpendicular (H L ¢) to
the crystallographic c-axis. The obtained magnetic suscepti-
bility x(T) = M/H is plotted in Fig. 4(a). Nearly isotropic
behavior is found for 7 > 300 K with large absolute values
and a linear increase of x(7') with T. The magnetization is
linear in field for temperatures 7 > 2 K as shown in the inset.
A significant increase of x(7') for cooling below T ~ 50 K
indicates the presence of local magnetic moments (Curie tail).

A clear anomaly is observed around room temperature
with the strongest change of slope at 7y =290 K (H ||

(o))

~

N
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FIG. 5. Specific heat C(T) and magnetization of
Li;Sr[MnN],for T < 2 K. (a) Electron and phonon contribution
lead to the expected linear behavior of C/T as a function of T2. The
Sommerfeld coefficient is estimated to y = 5.7 mJ moly,, K72. (b) A
broad maximum appears at 7y = 1.2 K. The magnetic contribution
was estimated by fitting a polynomial to the data points above and
below the anomaly (dashed, orange line). The transition is associated
with only an insignificant amount of magnetic entropy Sp,e. (c) The
magnetic susceptibility x(7)= M/H shows a maximum at 7
in zero-field-cooled (ZFC) measurements for H 1 ¢ and H || c.
The field-cooled (FC) curves split from the ZFC at T; for both
orientations. (d) Even at the lowest accessible temperature of
T = 400 mK, the field-dependent, isothermal magnetization is only
slightly curved.

¢). Antiferromagnetic (AFM) ordering is inferred from the
step-like decrease upon cooling and the slight shift of the
anomaly towards lower temperature for increasing applied
fields [Fig. 4(b), H || ¢]. For H L ¢, alocal maximum in y (7')
at T = 288 K is found for poH < 1 T. As shown in Fig. 4(c),
a strong change of this behavior is observable in larger applied
fields: a thermal hysteresis emerges and the anomaly gets
broader for uoH = 2 T. A monotonous increase upon cooling
is found for 3 T < uoH < 7 T with the strongest change of
slope close to Ty.

VII. SPECIFIC HEAT AND MAGNETIZATIONATT <2K

Figure 5(a) shows the specific heat C(T") plotted as C(T')/T
as a function of T2. A linear dependence is observed for 4 K
< T < 10 K with a slightly enhanced Sommerfeld coefficient
ofy =5.7m] mOIKAL K~2. Towards lower temperatures, C(T')
increases and a comparatively broad peak is found at 7 =
1.2 K [Fig. 5(b)] that is referred to as “freezing temperature”
Ty motivated by phenomenological similarities to the freezing
of spin glasses (see below) [62]. In order to estimate the cor-
responding magnetic entropy, Smag, a third-order polynomial
was fit to the data below 7 = 0.6 K and above 7 = 1.6 K
(dashed line). We find a value of Sy ~ 2.3 mJ moly,| K1,
which is three orders of magnitude smaller than expected for
bulk magnetic ordering of Mn.
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FIG. 6. LDA density of states for Li,Sr[MnN],(top panel) and
MnO (bottom panel). The inset shows orbital-resolved DOS for Mn
atoms in the former compound. The Fermi level is at zero energy.

Figure 5(c) shows low temperature x (T) = M/H for H ||
c and H L c. Similar to the whole investigated temperature
range, only a small anisotropy is visible. A maximum is found
in zero-field-cooled (ZFC) measurements at 7y = 1.2 in very
good agreement with C(7T'). Field-cooled (FC) runs bifurcate
from the ZFCs close to Ty.

Isothermal magnetization measurements at temperatures
as low as T =400 mK are presented in Fig. 5(d). There is
no substantial change for increasing the temperature above
Ty and further up to room temperature (dashed lines). Even
in the largest available fields, the magnetization amounts to
less than 0.03 wp per Mn significantly below the saturation
moment of pg = 4 up (for § = 2). This proves the absence
of (more than 1 %) localized Mn magnetic moments that are
free or only weakly coupled for the whole temperature range
investigated.

VIII. ELECTRONIC STRUCTURE

LDA density of states (DOS) for Li, Sr[MnN],features N
2p band between —6 and —2.5 eV followed by the Mn 3d
band that straddles the Fermi level (Fig. 6). Only a tiny gap is
observed between these bands, in contrast to low-valent Mn
oxides, where Mn and O bands are usually well separated
from each other. We choose MnO as the reference compound
representing a typical oxide and a Mott insulator. This com-
parison allows a sound classification of Li;Sr[MnN], as a
system lying on the verge between Mott and charge-transfer
regimes. Compared to MnO, the shift of the 2p band toward
higher energies is immediately visible in Fig. 6. It can be
quantified by the charge-transfer energy A that decreases from
4.1 eV in the oxide to 2.4 eV in the nitride. Here, A is
estimated as the difference between centers of gravity of the
Mn 3d and O/N 2p states.

Orbital-resolved DOS for Li, Sr[MnN], (Fig. 6, inset) sug-
gests the splitting of Mn d states into crystal-field levels
with e32_,2 >~ —0.98 eV, &,y = £,20_» >~ —0.32 eV, and &, =~
&x; 2 0.30 eV, where the z axis is chosen along the Mn—N

bonds. This level scheme is consistent with the linear coordi-
nation of Mn'* and also shows that the charge-transfer energy
for the 3z — r? orbital is reduced to 1.3 eV. This orbital
then features a notably broader dispersion because of a much
stronger hybridization with the N 2p states.

To probe the effect of electronic correlations on the band
structure, we performed DFT+U calculations for both MnO
and Li,Sr[MnN],. Experimental antiferromagnetic structure
was chosen for the former, while in the latter case an antiferro-
magnetic structure with the highest symmetry was considered.
It keeps the periodicity of the crystal structure and comprises
ferromagnetic layers in the ab plane coupled antiferromagnet-
ically along the ¢ axis (I 4; symmetry). Alternatively, a spin
configuration with antiferromagnetic order along the Mn—-N
chains was constructed in a four-fold supercell and showed
a very similar evolution of the band structure with U, so we
focused on a simpler antiferromagnetic structure that allowed
faster and more easily converged calculations at different val-
ues of U.

MnO behaves as a typical Mott insulator (Fig. 7). A band
gap opens at U = 1.8 eV and grows linearly, albeit with
the gradually reduced slope at higher U, whereas magnetic
moment on Mn systematically increases due to increased lo-
calization of the Mn 3d states. At high U values, it slightly
exceeds the nominal value of 5 up because of the enhanced
polarization of the surrounding oxygen atoms.

The evolution of Li,Sr[MnN], reveals several similarities.
Its DOS at the Fermi level, N(Er), also decreases rapidly with
U, whereas magnetic moment increases and changes slope
around U = 1.8 eV, where N(EFr) drops nearly to zero. The
nominal magnetic moment of 4 pp is reached at U = 4 eV,
but in contrast to MnO, the gap never opens because a small
fraction of N 2p states always remains at the Fermi level.
This residual metallicity is due to the fact that the N 2p states
are strongly mixed with Mn 3d, especially the lowest-lying
d;2_,2 orbital. It is occupied by the minority-spin electron of
3d°® Mn'* and remains unpolarized [Fig. 7(d)], so it can’t be
localized and gapped by adding U. Only at U > 4 eV does
one observe the tendency toward the gradual localization of
d;2_,» states through their spin polarization.

The steep increase in the magnetic moment of Mn above
4 pup at U > 4 eV reflects this tendency. Additional spin
polarization on Mn is compensated by the opposite spin
polarization of the ligands—an effect that illustrates strong
charge-transfer character of Li,Sr[MnN],. The metallicity
reflected by finite N(EF) is also increasing, as the minority-
spin states associated with ds,._,» are shifted toward positive
energies across the Fermi level [Fig. 7(e)]. This process is
completed at U > 6 eV, where the d3,._,. states are fully
polarized at the cost of placing minority-spin electron onto
the d,>_,» orbital. The resulting configuration features a pseu-
dogap with N(Er) = 0 but no gap opened even at very high
U =8—-10¢eV [Fig. 7()].

From the experimental y >~ 5 mJ/mol K one expects
N(Ep) ~ 2.1 eV~ /fu., which may be compatible with the
weakly correlated scenario at U ~ 1 eV or with the inter-
mediate regime at U =5 — 6 eV [Fig. 7(b)], especially if
renormalization of the effective mass and slight doping caused
by the residual site mixing between Li and Mn are considered.
Spectroscopic experiments and/or direct measurements of the
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FIG. 7. [(a)—(c)] Evolution of the electronic structure for MnO (circles) and Li,Sr[MnN],(diamonds) upon increasing the Coulomb
repulsion parameter U of DFT+U: band gap (a), total DOS at the Fermi level (b), and magnetic moment on Mn (c). [(d)—(f)] Orbital-resolved
DOS for a single Mn atom in Li,Sr[MnN],calculated at U =4 eV (d), U = 6 eV (e), and U = 8 eV (f). The Fermi level is at zero energy.
The insets show total DOS in the vicinity of the Fermi level. The corresponding states are mostly of N 2p origin, but their exact position and,
consequently, DOS at Er, strongly depend on the spin polarization of Mn d orbitals.

local magnetic moment would be interesting to distinguish
between these two possible regimes.

A more general outcome of our ab initio study is the
peculiar behavior of Mn'* nitride as a correlated material.
Here, four d orbitals show weaker hybridization with nitro-
gen and thus Mott behavior reminiscent of MnO, whereas
the fifth d orbital has a strong charge-transfer character that
causes residual metallicity due to N 2p states remaining at the
Fermi level even in the presence of strong correlations. An-
other unusual effect is the shift of the minority-spin electron
from the lower-lying d,._,. orbital with the stronger charge-
transfer character to the higher-lying d,>_,» orbital with the
weaker charge-transfer character, because electrons on this
orbital are easier to localize. This unconventional scenario
reminds of some earlier findings for a Ni!T oxide in the
strongly correlated limit [40] and serves as another indication
for the evident charge-transfer character of LiSr[MnN],. The
reduced charge-transfer energy underlies the much stronger

proclivity for the metallic behavior in Mn nitrides compared
to oxides, and one d orbital with the strong charge-transfer
character is already sufficient to trigger it.

IX. DISCUSSION

Absolute values and temperature-dependence of p(7) as
well as DFT calculations indicate the presence of free charge
carriers. There is, however, no signature in p(7) at Ty. Note
that the heat capacity at around room temperature is domi-
nated by the phonon contribution and no significant anomaly
is observable in C(T) at Ty (not shown). If the proposed
AFM ordering of Mn would be caused by a spin-density-wave
transition, as observed for example in the parent compounds
of Fe-based superconductors [41], a clear anomaly is expected
in p(T'). However, very similar transport behavior with no sig-
nature in p(7T) at the AFM ordering is observed in underdoped
cuprates [42] and LaMnOj3 [43]. This is interpreted as a sign
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for spatial separation of conducting and magnetically ordering
entities. Nevertheless, we are going to discuss and disprove
the following two hypothetical scenarios:

(1) The anomaly in x(T) is caused by AFM ordering of
an impurity phase. Given the large absolute values of x (T),
which exceed the nearly itinerant ferromagnet Pd more than a
factor of 2 [44], only a local moment bearing material seems
possible. Such a phase, however, is expected to show Curie-
Weiss behavior in the paramagnetic region above Ty, which
is in contrast to the linear increase of x (7') with increasing
temperature observed experimentally [Fig. 4(a)]. Obtaining a
linear x (7') as result of a superposition of two nonlinear con-
tributions (impurity Curie-Weiss and main phase with high x)
seems highly unlikely. Furthermore, the anisotropy of x(7')
with an increase for H || ¢ and a decrease for H L ¢ upon
heating above 7y seems incompatible with a paramagnetic
local moment scenario [Figs. 4(b) and 4(c)].

(2) The metallic transport is caused by a conducting impu-
rity phase. The low absolute values of p below mS2 cm require
a significant cross section of a potential current path even
when highly conductive materials are considered. Optical mi-
croscopy on pristine as well as on polished surfaces never
revealed indications for the presence of such a phase. Further-
more, exposure to air leads to a rapid increase of the resistivity
by several orders of magnitude. We infer that also near-surface
regions of Li, Sr[MnN], make an important contribution to the
electrical transport and do not only connect spring loaded con-
tacts and other metallic current paths. A lower air sensitivity
is expected if already insulating Li,Sr[MnN], merely bridges
contact leads and a hypothetical conducting impurity phase.

Next, we focus on the high-temperature region (7' >
300 K) of x(T). The large absolute values of x &~ 1.9 x
10’8m3m01{,&1 are very unusual, in particular in combina-
tion with the linear increase with temperature. The latter
is normally not observed for local-moment-bearing or fer-
romagnetically ordered materials. All other materials we
are aware of, however, show significantly smaller absolute
values of x. A similar linear increase of x(7') with tem-
perature is found in Fe-based superconductors, though with
lower absolute values at around room temperature (RT):
F-doped LaFeAsO with yrr ~ 4 x 10~° mPmol™! [45],
BaFe,As, with xgr ~6x 107° m3m011§e1 [45,46], or
SrFe,As, [47] and CaFe,As, [48] both with xrr &~ 9 %
10~° m3m01;e'. The peculiar temperature-dependence was
described by assuming a coexistence of localized and itin-
erant moments [49], frustrated local-moment model [50],
or spin-density-wave scenario with strong antiferromagnetic
fluctuations above Ty [51]. Also (underdoped) cuprates show
similar temperature-dependencies of x(7') with even lower
absolute values (T > 7Ty), for example La;_,Sr,CuO4 with
x ~1x 1072 m?mol™! [52]. Note that x of elemental Cr
also increases with temperature with a roughly five times
smaller slope and one order of magnitude lower xgy = 2.4 X
10~° m3mol~! [53] when compared to Li,Sr[MnN],.

Observing metallic conductivity in a nitride is not unprece-
dented, though with significant differences to LiSr[MnN],:
Antiperovskite nitrides of T3XN type [54] (with X = {Ga,
Sn, 7,..}) do show metallic conductivity and magnetic
ordering (for example, Mn3ZnN [55,56]). Those struc-

tures, however, are based on transition-metal rich hosts in
strong contrast to insulating, primarily ionic LisSrN,. More
nitrogen-rich compounds for which a pronounced metal-
lic temperature-dependence of p(7) was experimentally
observed are (SN), [57], CaNiN [58], SrNiN [59],
SryNiN; [60], and Ca,N [61]. No indications for magnetic
ordering were found in any of those materials.

Finally, we discuss the low-temperature properties with
anomalies in x (T") and C(T') at Tr = 1.2 K. Magnetic order-
ing of S = 2 spins (3d° spin only, according to Mn'"), lead
to a change in entropy by Smae = RIn5 =13.4]J mol](,[:1 K-
The measured magnetic entropy of Spe A 2.3 mJ moly,! K~!
amounts to only a small fraction of that value (and this does
not change considering § = 1/2 instead of S = 2). Ordering
of 0.02 % of Mn or a correspondingly small amount of im-
purities are sufficient to cause the maximum in C(7) and
to account for the measured Sy,s. Furthermore, the effective
magnetic moment obtained from the low-temperature Curie
tail amounts to pe = 0.29(2) up per Mn [for both orienta-
tions, 2K < T < 50K, see Fig. 4(a)]. Assuming that a certain
fraction of Mn, xjoc, carries local magnetic moments of pef ~
4.9 up, according to § = 2, leads to xjoc = 0.36 %. [Note that
X10e = (0.29/4.9)7]. Again, a small fraction of Mn or other
local moment bearing impurities is sufficient to explain the
observed behavior. The perfect agreement with the fraction of
isolated Mn atoms of 0.36 %, which follows from x = (.94,
however, seems to be accidental. Those Mn have two Li as
next-nearest neighbor along the chain and could be decou-
pled from the ordered states in longer —N — Mn — N — Mn—
chains. Observing an Sy, that is one order of magnitude
smaller than expected for xj,c = 0.36 could be caused by
the large uncertainty in determining the non-magnetic back-
ground of C(T') or neglecting crystal electric field effects and
exchange interactions. It could also indicate magnetic frus-
tration or spin-glass behavior with freezing of local moments
at Ty [62]. Further similarities to spin glasses are given by the
splitting of FC and ZFC curves of x (T") and the comparatively
broad feature in C(T'). Investigating the anomaly at Ty for
varying x could serve as a very sensitive method to probe
the Mn concentration and stoichiometry of Li;Sr[MnN],, pro-
vided isolated Mn do indeed cause the anomaly. In particular,
the question arises of whether or not the anomaly disappears
for x = 1.00. The assumption that the vast majority of Mn
participates in itinerant, magnetic ordering at 7y = 290 K and
only a small fraction of isolated magnetic moments (Mn or
impurities) orders at Ty = 1.2 K is supported by the prepon-
derance of the obtained experimental data.

X. SUMMARY

Li,Sr[MnN], single crystals of several millimeter along a
side were grown from Li-rich flux. Clear indications for itiner-
ant antiferromagnetic ordering at 7y = 290 K are found. The
magnetic susceptibility above Ty increases linearly with tem-
perature and amounts to an exceptionally large value of x ~
1.9 x 10’8m3m011;&1. The magnetic ordering is not accompa-
nied by a structural transition as shown by low-temperature
single-crystal x-ray diffraction. Our main results can be
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understood based on structurally well-ordered but finite, linear
chains of —N — Mn — N — Mn— that are essential for the
observed metallic electrical transport and magnetic properties.
A small fraction of well below 1% of isolated, local magnetic-
moment-bearing Mn or a correspondingly small amount of
a magnetic impurity orders/freezes at Ty = 1.2 K. The ex-
perimentally observed metallic resistivity is corroborated by
LDA+U calculations that identified a strong mixing of N 2p
with Mn 3d;2_,» states as the cause of metallicity even in the
presence of sizable electronic correlations. Li, Sr[MnN]; is a
unique magnetically ordered, metallic nitride with a highly
unusual magnetic susceptibility that is reminiscent of the

normal state of (underdoped) cuprate and iron-based super-
conductors.
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