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Orbital order and partial electronic delocalization in a triangular magnetic metal Ag,MnQO,
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Magnetic and electrical properties of Ag,MnO, were examined by elastic and inelastic neutron-scattering
measurements and by density-functional calculations. The spins of the triangular antiferromagnet metal
Agr,MnO, are found to freeze into a gapless short-range collinear state below 50 K because of a ferro-orbital
ordering and spin-orbit coupling of the high-spin Mn3* ions. The decrease in the spin-spin correlation lengths
of AgsMnO, in the order, §,>¢,>¢§., is explained by the spin-exchange interactions calculated for the
ferro-orbital ordered state. The electronic states around the Fermi level have significant contributions from the
spin-polarized Mn 3d and O 2p states, which makes electron-electron scattering dominate over electron-
phonon scattering at low temperatures leading to the po T2 behavior below 50 K.
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I. INTRODUCTION

Unconventional collective behaviors often arise when
electron-electron Coulomb repulsion is neither strong (lead-
ing to electron localization and magnetism) nor weak (lead-
ing to electron delocalization and metallicity). A well-known
example is the high-temperature superconductivity found in
cuprates and iron superconductors.!> Other materials also
exhibit unusual low-temperature behaviors arising from the
competition between the metallicity and magnetism. An ex-
ample is Ag,MO, (M=Mn,Ni) in which magnetic MnO,
layers alternate with metallic Ag, double layers along the ¢
axis.>* Bulk magnetic susceptibility follows the Curie-Weiss
law for localized moments at high temperatures while resis-
tivity exhibits metallic behaviors at low temperatures. It has
been thought that the metallic property arises from the Ag 5s
electrons of the (Ag,)* layers while the magnetic property
from the Mn 3d electrons of the high-spin Mn3+(t§geél,) ions
in the MnO, layers. At low temperatures (7), the resistivity p
of a metal dominated by the electron-phonon scattering
process is expected to be proportional to T°. However, the p
of Ag,MnO, is proportional to 72, and such behavior is
expected for a Fermi liquid with large electron
correlations. Furthermore, the coefficient of the 72 term,
A=2.86X10"* uQ cm K2, is much larger than expected if
only the Ag electrons are involved in the transport process.>*
One might expect frustrated magnetic interactions in
Ag,MnO, because the Mn>* ions form a triangular lattice in
the ab plane. Despite the presence of strong antiferromag-
netic interactions, evidenced by the large Curie-Weiss tem-
perature, O, =—400 K, Ag,MnO, does not exhibit any
long-range-order (LRO) down to T,=22 K, at which spe-
cific heat and bulk susceptibility data show a spin-glassy
order.* In contrast, Ag,NiO, has much weaker antiferromag-
netic interactions (®cy=-33 K) but shows a LRO below
Tn=56.3
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PACS number(s): 75.25.—j, 61.05.cp, 61.05.fm, 75.50.Ee

In this work, we explore the apparently puzzling electrical
and magnetic properties of Ag,MnO, by elastic/inelastic
neutron-scattering measurements on a powder sample of
Ag,MnO, and also by density-functional calculations. Our
study shows that the ferro-orbital ordering of the high-spin
Mn** ions in Ag,MnO,, which takes place below 540 K, is
responsible for the puzzling magnetic properties of
Ag,MnO, at low temperatures. The Mn** electrons are par-
tially delocalized, thereby leading to the 72 behavior with a
large effective mass of the itinerant electrons in the resistiv-
ity measurements.

II. EXPERIMENT

A 2 g powder sample of Ag,MnO, was prepared at the
ISSP of the University of Tokyo using the solid-state reaction
technique with stoichiometric mixture of Ag and MnO,
powder.* A series of neutron-scattering measurements were
performed at the NIST Center for Neutron Research
(NCNR). Time-of-flight neutron-scattering measurements
were carried out using the disk chopper spectrometer (DCS)
with wavelengths of A=1.8, 2.9, and 4.8 A. Neutron
powder-diffraction (NPD) measurements were performed on
the BT1 powder diffractormeter with a Cu(311) monochro-
mator (A=1.5403 A), and Rietvelt refinement was carried
out using FULLPROF program.’ Temperature dependence of
the nuclear Bragg peaks was studied at TAS-2 located at the
JRR-3 with 14.7 meV incident neutrons and horizontal col-
limations of guide-80’-80'-40’. Density-functional calcula-
tions for the low-temperature monoclinic phase of Ag,MnO,
employed the projector-augmented wave method® encoded in
the Vienna ab initio simulation package,”® the PW91 func-
tional form? of the generalized gradient approximation
(GGA), and the plane-wave cutoff energy of 400 eV. The
GGA plus on-site repulsion U method (GGA+U) was em-
ployed to properly describe the electron correlation associ-
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FIG. 1. (Color online) Neutron powder-diffraction data mea-
sured (a) at 580 K and (b) 300 K. Circles are the data and the line
represents the calculated intensity based on the lattice parameters
listed in Table I. The inset of (a) shows a closeup of a narrow range
of wave vector Q while the inset of (b) shows the monoclinic split-
ting of the two peaks around Q~2.5 A~! into three peaks below
540 K. (c) The stacking of the MnO, and Ag layers along the ¢ axis
in the high-temperature trigonal phase. (d) The local Jahn-Teller
distortion of the MnOg octahedra in the MnO, layer.

ated with the Mn 3d states'® with U=2.5 and 4.5 eV. The
spin-exchange interactions of Ag,MnO, were evaluated by
performing seven ordered spin states of the (2a,4b,2¢) mag-
netic supercell, with a set of 2 X7 X4 k points for the irre-
ducible Brillouin zone.

II1. RESULTS
A. Neutron diffraction and crystal structure

As shown in Fig. 1(a), at 580 K, the nuclear Bragg reflec-
tion positions tell us that the high-temperature crystal struc-

ture is trigonal with R3m symmetry. The (0,0, L) reflections
are instrument resolution limited but the (H,K,L) reflections
with nonzero H or K are much broader than the Q resolution.
This broadening was well fit by including stacking disorder
along the ¢ axis. The best fit, shown as the solid line, was
obtained with the lattice parameters listed in Table I and the
stacking correlation length of 217(37) A. As depicted in
Fig. 1(c), the chemical unit cell of the perfect hexagonal
structure consists of MnO, layers (A, A’, and A”) alternating
with Ag bilayers (B, B’, and B”). Adjacent MnO, layers are
displaced by (1/3,1/3,1/3), and so are adjacent Ag bilayers.
The stacking faults may occur due to weak Ag-O interactions
between every Ag bilayer and its neighboring MnO, layers
[see Fig. 1(c)]. Thus, the stacking order of the layers can be
imperfect, instead of the long-range stacking of
A-B-A’-B’-A"-B” one might expect for a perfect crystal,
stacking ~ faults such as  A-B-A’-B"-A"-B’  or
A-B"-A"-B-A’-B’ may occur. Such stacking faults will not
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TABLE I. The crystal structural parameters of Ag,MnO, ob-
tained at 580 and 300 K by refining the data shown in Fig. 1 using
the program FULLPROF. B, is an isotropic thermal parameter ex-
pressed as exp(—B;, sin> 8/\?), where 6 is the scattering angle and
\ is the wavelength of the neutron.

580 K(R3m), x*=3.92, Rp2=12.1, R,,,=12.6, a=b=2.9699(2) A,
¢=26.140(2) A

Atom(W) x y z B, (A2)
Ag (6¢) 0 0 02106(2) 1.4(2)
Mn (3a) 0 0 0 1.7(3)
O (6¢) 0 0 0.2955(3) 3.3(2)

Mn-O=1.9831(4) A
300 K(C2/m), x*=5.48, Rp=15.0, R,,,=14.7, a=5.2472(6) A,
b=2.8823(2) A, ¢=8.899(1) A, B=102.4(1)°

Atom(W) x y z By, (A?)
Ag (4i) 0.212(2) 0 0.6288(7) 0.8(2)
Mn (2a) 0 0 0 1.1(3)
O (4i) 0.304(2) 0 0.8833(9) 2.8(2)

Mn-O(apical) =2.079(6) A, Mn-O(plane)=1.939(2) A

change the c positions of the layers but disorder the arrange-
ments of the ab positions of the atoms along the ¢ axis, and
yield the observed broadenings of the (H#0,K#0,L)
nuclear Bragg reflections as shown in the inset of Fig. 1(a).
Upon cooling from 580 K, the two Bragg reflections over
24<0<2.6 A" split into five peaks at ~540 K,
indicating that the crystal symmetry is lowered [see the inset
of Fig. 1(b)]. The best refinement of the NPD data taken at
300 K [Fig. 1(b)] was obtained with a monoclinic C2/m
crystal structure with the lattice parameters listed in Table 1.
The symmetry lowering is due to the Jahn-Teller distortion
of each MnOg4 octahedron, which involves an axial elonga-
tion of every MnOg octahedron along the direction close to
the a axis, as shown in Fig. 1(d). As a result of this ferro-
orbital order, the e, electron of every high-spin Mn** ion
occupies the dj.2_2 orbital (with the local z axis of each
MnOg octahedron along the elongated O-Mn-O bonds).

B. Neutron scattering and magnetic correlations

Figures 2(a)-2(c) show the neutron-scattering intensity
obtained at DCS as a function of the momentum (Q) and the
energy (fiw) transfer, measured at T=80, 40, and 1.4 K. At
80 K>T,, S (Q, w) exhibits a broad continuum over fw. The
QO dependence of the low-energy continuum is asymmetric
with a sharp increase at Q=1.25 A" and a broad tail at
higher Q. This indicates that the spin fluctuations are low-
dimensional in nature. Figure 2(d) shows T dependence of

the low-energy fluctuations S(w)= [ ? ’E,iS(Q,w)dQ obtained
from the A=4.8 A data with an instrumental energy reso-
lution of AE=0.11 meV. Upon cooling from 120 K, the
low-energy spin fluctuations increase and become strongest
at 60 K below which they weaken. Figure 2(e) shows that the
nominally static spin correlations with lifetime longer than
ATy = & =3.29 ps develop below T}, which is higher than
T,=22 K determined by the bulk susceptibility measure-
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FIG. 2. (Color online) (a)—(c) Color contour maps of neutron-
scattering intensity as a function of wave vector, Q, and energy
transfer, i, measured with A=2.4 A at (a) 80 K, (b) 40 K, and (c)
1.4 K. (d) hw dependence of low-energy spin fluctuations measured
with A=4.9 A at various temperatures spanning the phase transi-
tion. (e) T dependence of the elastic magnetic intensity obtained by
the neutron intensity over 1<Q<2 A~ and |dE|<0.1 meV.
T, was determined from Fig. 4(d).

ments with AE=0. Detecting different transition tempera-
tures with different energy resolutions is common for mag-
netic systems such as spin glasses where spins freeze into a
short-range ordered state.!!~3

To gain insight into the nature of static short-range mag-
netic order below Ty we plot the O dependence of the
elastic-scattering intensity obtained by integrating the
A=4.8 A data over an energy window of |fw|<0.2 meV.
Figure 3(a) shows the resulting S(Q) at T=4 and 100 K. The
100 K (>T)) data were taken as the nonmagnetic back-
ground and were subtracted from the other 7 data. The re-
sulting magnetic S(Q) exhibits a broad peak without any
magnetic Bragg peaks, indicating that the static spin correla-
tions are short ranged. The broad peak is located at
0=1.251 A~! that corresponds to a characteristic wave vec-
tor of ¢,,=(0.5,0.5,0). Furthermore, the elastic S(Q) is
asymmetric as the low-energy excitations are shown in Figs.
2(a)-2(c), indicating that the short-range magnetic ordered
structure is low dimensional. For a quantitative analysis, we
fit S(Q) to the elastic neutron cross section described by the
product of the independent lattice-Lorentzian functions,'*

d inh £
e (g) o |FE(@)PT] shée

“ “ cosh &' —cosl(g,-0)- 1 ]

(1)

Here F nﬁ(Q) the unit-cell magnetic structure factor normal
to the scattering vector, can be written as
Fr(Q)=f(Q)* M, e ¢, where M, and r, are the stag-
gered magnetic moment and the position of an Mn* ion at
the site v, respectively, and f(Q) is the Mn>* magnetic form
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FIG. 3. (Color online) (a) Elastic neutron-scattering intensity,
T(Q), at 4 and 100 K. For 4 K <T}, nonmagnetic background mea-
sured at 100 K was subtracted to get magnetic contributions only.
The reflection indices are in the monoclinic notations. The lines are
described in the text. (b) ab projection of the MnO, triangular layer
with a magnetic structure that is consistent with the characteristic
wave vector, ¢,,=(0.5,0.5,0) 00 Of 1(Q). The bigger and smaller
spheres are Mn and O ions, respectively. The ovals represent the
d;2_2 orbitals with the local z axis along the axially elongated
O-Mn-O bonds. The thick (thin) blue lines refer to the short (long)
bonds between neighboring Mn ions. The dotted lines represent the
chemical unit cell of the monoclinic phase.

factor. £, and 7, are the spin-correlation length and the unit
lattice vector along the « axis, respectively.

Two spin structures that have the characteristic wave
vector of ¢,,=(0.5,0.5,0) are considered: a collinear spin
structure (CS) where antiferromagnetic (AFM) chains are
formed along the b axis as shown in Fig. 3(b), and an or-
thogonal spin structure (OS) where the spin directions of the
neighboring AFM chains along the a axis are orthogonal. It
is straightforward to compare the two models because they
give different ratios of the structure factors for the two mag-
netic reflections, (1/2,1/2,0) and (3/2,1/2,0). The magnetic
structure factor for the two models can be written as

F,,(CS) & ® X (1 — e™HK))

F,,(0S) = ® X (d — e™H*)p), 2)

where ®=1—2™H _ p2mK | 2mi(H+K) and G and b are the unit

. F,(3/2,1/2,0
vectors along the a and b axes. Thus, the ratio of m

is O for the CS case while it is 1 for the OS case. As a result,
the OS model would produce a prominent peak at
0=2.17 Al that corresponds to the (3/2,1/2,0) reflection,
which is inconsistent with the data as shown as the black
dashed dotted line in Fig. 3(a). Thus, we conclude that the
spin freezing in Ag,MnO, occurs in the form of the collinear
spin structure. The red solid line in Fig. 3(a) is the best fit
obtained with the collinear spin structure and the correlation
lengths of &,=18.9(37) A along the chain, £,=5.9(18) A
perpendicular to the chain in the triangular plane, and a neg-
ligible out-of-plane correlation length of £.=1.6(16) A. For
comparison, we also show the calculated S(Q) of a collinear
spin structure obtained with the same &, and &, but &, to be

094421-3



JI et al.
0.4
=
=
\
>
[}
€
~
o m
3
3 0
Z 10fcy15K 1o
e ey [ 2 H 1
0.5} % = g :
0.5 ] & g :
%030@%0 05 70 15 0t y
0 306060Q wacasasd 0 20 40 60 80 100120
0 5 10 15 T (K)
fw (meV)

FIG. 4. (Color online) (a)—(c) Energy dependence of the imagi-
nary part of the dynamic susceptibility, x”(w), obtained by integrat-
ing and converting the inelastic neutron-scattering intensity /(Q, w)
shown in Fig. 2 over 1 <Q<2 A~!at (a) 100 K, (b) 40 K, and (c)
1.5 K. Dashed lines (black) and solid lines (blue) represent fits by
spectral weight functions of Lorentzian type and arctan which give
linewidths (') and the lower limit (I';) of spin-relaxation rates,
respectively. (d) Spin-relaxation rates as a function of temperature.
Lines are described in the text.

the interlayer distance between the neighboring triangular
layers, 8.9 A (see the blue dashed line), which does not
reproduce the data. The fact that &,> &,> £, indicates that
the magnetic interactions in Ag,MnO, are quasi-one-
dimensional.

Let us now turn to the nature of the dynamical spin cor-
relations. We obtained energy dependence of the scattering
intensity, I(w), by integrating all I(Q,w) data taken with
A=1.8,2.8, and 4.9 A over 1<Q<2 A~'. Then, using the
detailed balance relation x"(w)=3(1-exp“*7)(w),
where kg is the Boltzmann constant and the imaginary part of
the dynamic susceptibility, x”, was extracted. As shown in
Fig. 4(a), at Ty<<100 K<[®cyl, X"(w) can be well fitted to
a Lorentzian-type function, x"(w)* yw/(I'3+ ®?). When the
temperature decreases, however, the spectral weight shifts
down to lower energies and the Lorentzian-type function
cannot reproduce the low-energy region while it fits the
higher-energy region. Below T, the low-energy region can
be fitted to x"(w) tan™'(w/T’;), which represents spin relax-
ations with a distribution of the relaxation rates with the
lower limit being I';.!" The optimal relaxation rates are plot-
ted in Fig. 4(d). For T>T,, the overall relaxation rate is
obtained by fitting to a power-law function of
Fy=Cy(kgT)* with Cy=0.5(1) and «,=1.08(16) displayed
with a dashed line. For T> Ty, the relaxation rate of the
lower limit (a solid line) I'y=C,(kgT)* with C,;=0.18(6) and
a;=1.07(16). For T<Ty, I';=0.11(2) meV, which is almost
zero, independent of temperature. This contrasts with the be-
havior of I' found in a well-known quasi-two-dimensional
system SrCrg,Gajp_9,019 (SCGO) in which the magnetic
Cr’* ions form a [111] slab of a three-dimensional network
of corner-sharing tetrahedra:'> upon cooling above Ty, the I’
of SCGO decreases linearly to zero at Ty Upon further cool-
ing, however, it increases back. This observation was attrib-
uted to the absence of local low-energy excitations in the
frozen state.'?
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FIG. 5. (Color online) The spin-exchange paths of Ag,MnO, (a)
within the MnO, layer and (b) between adjacent MnO, layers. The
circles represent the Mn®* ions, and the numbers 1-6 refer to the
spin exchanges J; —Jg, respectively. (c) The spin arrangement in the
MnO, layer showing that the NNN interchain interactions are not
frustrated. The arrows represent some ferromagnetic J, interactions

C. Spin exchanges and magnetic properties

To account for the magnetic properties of Ag,MnO, ob-
served from the neutron-scattering study presented in the
previous section, it is necessary to estimate the values of its
spin-exchange parameters J;—J,; defined in Figs. 5(a) and
5(b). For this purpose, we perform GGA+ U calculations for
seven ordered spin states (FM and AF1-AF6) depicted in
Fig. 6 in terms of the (2a,4b,2c¢) magnetic supercell, i.e., 32
formula units (FUs). The relative energies of these states (in
millielectron volt per 32 FUs) are summarized in Fig. 6.
Given the spin Hamiltonian,

H=—2Jijsi'sj, (3)
i<j

where §; and §; are the spin operators at the spin sites i and
J» respectively, and J;;(=J,—Je), the total spin-exchange in-
teraction energies of the FM and AF1-AF6 states (per 32

b
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FIG. 6. The ordered spin states, defined in terms of the
(2a,4b,2c¢) magnetic supercell, used to extract the spin-exchange
parameters J;—Js by GGA+ U calculations with U=2.5 and 4.5 eV.
Only the Mn?* ions of two MnO, layers are shown, and the un-
shaded and shaded circles represent the Mn* ions with up and
down spins, respectively. The relative energies (in millielectron volt
per 32 FUs) of the seven ordered spin states are given in parenthe-
ses, where the first and second numbers refer to the relative energies
with respect to the FM state obtained with U=2.5 and 4.5 eV,
respectively.
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TABLE II. The values of the spin-exchange parameters J;—Jg
(in meV) obtained from GGA + U calculations with U=2.5 and 4.5
eV.

U=25 eV U=45 eV
i ~4.66 —2.41
A -0.18 0.18
I 2.75 3.55
I 1.50 1.05
Js -0.61 0.67
Js 0.65 -0.53

FUs) are obtained as summarized below by applying the en-
ergy expressions obtained for spin dimers with N unpaired
spins per spin site (in the present case, N=4 and H’s are
normalized by N?/4),'617

Hipg = — 327, = 3205 — 6475 — 647, — 32J5 — 64,
Hopy = — 327, = 3205 — 6475 — 647, + 32J5 + 64,
Hopy = — 327, = 32J, + 647, — 325,

Hops = — 320, = 320, + 6475 — 647, — 32J5 + 64,
H gy =+ 320, = 3205 — 32J5 — 32J,,

H ps = +32J, = 32J, + 64J, — 32Js,

Hpg =+ 320, — 32J5 + 32J5 + 325 (4)

Thus, by mapping the relative energies of the seven states
obtained from the GGA + U calculations onto the correspond-
ing energies obtained from the total spin-exchange energies,
we obtain the values of J;—Jg summarized in Table II.
Table II shows that the three major spin-exchange inter-
actions are the nearest-neighbor (NN) intrachain exchange
Ji, the NN interchain exchange J;, and the next-nearest-
neighbor (NNN) interchain exchange J, in the ab plane.
These exchanges do not switch their signs, as the U value
changes in the GGA+U calculations. The NNN intrachain
spin exchange J, and the NN interlayer spin exchanges Js
and Jg are weak, and their signs are affected by the value of
U. To a first approximation, the spin lattice of Ag,MnO, is
described by the three dominant exchanges J;, J;, and J,.
The spin exchange J; forms one-dimensional antiferromag-
netic chains along the b direction. The NN interchain cou-
pling J5 is frustrating interactions while the NNN ferromag-
netic coupling J, is not. The strong antiferromagnetic J; and
ferromagnetic J, seem to stabilize the observed magnetic
structure at low temperature shown in Fig. 5(c). The quasi-
one-dimensional nature of the short-range correlations

(¢,>&,) determined from the asymmetric %(Q) comes
from the fact that |J5|<|/,| and that J5 is frustrating. The
interlayer spacing is large and the interlayer exchanges Js
and J, differ in sign so that the spin exchanges in the
(J1,J6,J6) and (J3,J5,J¢) triangles, which form between ad-
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jacent triangular layers, are frustrated [see Fig. 5(b) and
Table II]. This explains the negligible out-of-plane correla-
tion length of £.=1.6(16) A.

The collinear spin order of Ag,MnO, seen from
our neutron-scattering measurement is explained by
considering the effect of spin-orbit coupling (SOC) in
each axially elongated MnOgy octahedron. The 3d states of
the Mn** ion at each MnOg octahedron are split as
(xz,y2)* < (xy)' <(zH)' < (x*~¥?)°, where the local Cartesian
z axis is taken along the elongated O-Mn-O bonds, as
observed in TbMnO;.!8 Thus, the most important energy
gain associated with the SOC interaction between the
filled and empty up-spin Mn 3d states is given by

(xy|H,, |x2=y»)?/ AE, where AE is the energy difference be-
tween the xy and x>—y? states. Since these two have the
same m; values, the maximum energy gain occurs when the
spins are oriented along the elongated Mn-O bonds as shown
in Fig. 3(b). This SOC effect plus the ferro-orbital ordering
of the Mn 3d states in Ag,MnO, leads to the observed col-
linear spin structure. However, Ag,MnO, is prevented from
having LRO due to the spin frustration in the NN intrachain
and the interlayer spin exchanges.

D. Electronic structure and transport properties

To account for the electrical property of Ag,MnO,, we
examine the electronic structure of Ag,MnO, on the basis of
GGA+U calculations with U=2.5 eV. Similar results were
obtained with U=4.5 eV. Figure 7 summarizes the elec-
tronic structure of the ordered spin state of Ag,MnO, [de-
picted in Fig. 5(c)] in terms of density of states (DOS) and
charge-density plots. The total DOS plot of Fig. 7(a) shows
the presence of partially filled bands at the Fermi level. In
the projected DOS (PDOS) plot calculated for one up-spin
Mn site, shown in Fig. 7(b), the occupation of the up-and the
down-spin Mn 3d states is consistent with the assignment of
high-spin Mn** in Ag,MnO,. The PDOS plots around the
Fermi level, presented in Fig. 7(c), show that the states
around the Fermi level have substantial contributions from
the Mn 3d and O 2p states, and this is also clear from the
electron-density plot associated with the states at the Fermi
level presented in Fig. 7(d). (In comparing the relative con-
tributions of a diffuse orbital such as the Ag 5s orbital and a
contracted orbital such as the Mn 3d or the O 2p orbital in
terms of charge-density and PDOS plots, one should note
that the contribution of the diffuse orbital appears smaller
than that of the contracted orbital even if they contribute
equally to the state.) Furthermore, the Mn 3d and O 2p states
at the Fermi level are strongly spin polarized. Consequently,
electron-electron scattering should dominate over electron-
phonon scattering at low temperatures, which may lead to
the observed po T2 behavior with a large coefficient, A, be-
low 50 K.* The presence of the Mn orbital at the Fermi level
has recently been observed by a x-ray spectroscopy study.!”

IV. CONCLUDING REMARKS

Our neutron-diffraction/scattering measurements show
that the Jahn-Teller active Mn** ions of Ag,MnO, adopt a
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2 (a) Total

" (b)Mn 3d

0.1+

FIG. 7. (Color online) The electronic structure of the ordered spin state [Figs. 1(c) and 5(c)] of Ag,MnO, obtained from GGA+U
calculations. All the results shown were obtained with U=2.5 eV except the ones with U=4.5 eV shown in the lower panels in (a) and (b).
(a) The total DOS (black line) and PDOS of the Ag atoms (gray shading) in number of states/eV/4 formula units as a function of energy in
electron volt. The up- and down-spin DOS are represented by plus and minus numbers, respectively. (b) The PDOS of the Mn 3d states
calculated for one up-spin Mn site. (c) The PDOS calculated for the Mn 3d, O 2p, Ag 55, Ag 5p, and Ag 4d states around the Fermi level.
The horizontal axis covers the energy from —0.2 to +0.2 eV. The up- and down-spin DOS plots are represented by solid and dashed curves,
respectively. (d) The charge-density distribution associated with the Fermi level, obtained by considering the occupied and unoccupied states

lying within 0.01 eV from the Fermi level.

ferro-orbital ordering and the spins of the Mn** ions freeze
into a gapless short-range collinear state below 50 K. Our
neutron-scattering experiments show that the spin-spin cor-
relation lengths decrease in the order, &,> ¢&,> &., which is
explained by the spin exchanges calculated for the ferro-
orbital ordered state. The states around the Fermi level have
significant contributions from the spin-polarized Mn 3d and
O 2p states, which makes electron-electron scattering domi-
nate over electron-phonon scattering at low temperatures
leading to the poT? behavior with a large coefficient, A,
below 50 K.
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