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Large Orbital Moments and Internal Magnetic Fields in Lithium Nitridoferrate(I)
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The iron nitridometalates Li2��Li12xFeIx�N� display ferromagnetic ordering and spin freezing. Large
magnetic moments up to 5.0mB�Fe are found in the magnetization. In Mössbauer effect studies huge
hyperfine magnetic fields up to 696 kOe are observed at specific Fe sites. These extraordinary fields
and moments originate in an unusual ligand field splitting for those Fe species leading [within local
spin density approximation (LSDA)] to a localized orbitally degenerate doublet. Including spin-orbit
interaction and strong intra-atomic electron correlation �LDA 1 SO 1 U� gives rise to a large orbital
momentum.
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The magnetic behavior of 3d-metal compounds is in
most cases determined by the spin component of the open
d-electron shell. Only for a few ions such as CoII larger
orbital contributions to the magnetic moment are observed,
which is well understood within ligand field theory. In
some diluted systems, however, giant magnetic moments
far above the spin-only values are found. Particularly in-
teresting are Fe, Co, or Ni in alkali metal matrices [1,2].
Here, due to extremely weak crystal field (CF) interactions
between 3d metal and host, the 3d angular momentum is
no longer quenched and full LS coupling occurs.

Recently, we have synthesized new Fe and Mn ni-
tridometalates [3] with the transition metals T in the
unusually low oxidation state 11. The chemical and
magnetic properties of the nitridometalate substitution se-
ries Li2��Li12xTx�N� (T � Mn, Fe, Co, Ni, Cu) [4,5]
turned out to be very unusual. For the Mn, Fe, Co,
and Ni compounds the 11 oxidation state of the 3d ion
could recently be confirmed by x-ray absorption spectro-
scopy [5].

In this Letter we show that in Li2��Li12xFex�N� a ferro-
magnetically ordered state exists, which has magnetic mo-
ments greatly exceeding the spin-only value. Comparing
to the above mentioned 3d impurity systems a large orbital
contribution is rather unexpected as the Fe ions are subject
to a strong CF. The Fe concentration is high (x � 0.16 and
x � 0.21) and magnetic interactions of order 100 K are
present. Moreover, in Mössbauer spectroscopy measure-
ments we observe hyperfine magnetic fields at three iron
sites which well exceed that in all other investigated Fe
compounds. On the basis of full potential linearized aug-
mented plane wave (FP-LAPW) calculations [6] with in-
clusion of spin-orbit �SO� coupling and strong intra-atomic
correlation [local density approximation �LDA� 1 U], we
trace back the huge hyperfine fields to (i) an energetic se-
quence of the Fe d-orbitals different than expected from
standard ligand field arguments [7] and (ii) the occurrence
of a highly localized Fe d-orbital doublet. This state causes
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strong orbital contributions to the magnetic moments and
the hyperfine fields upon switching on a small SO interac-
tion. The effect is further enhanced by inclusion of strong
electronic correlation within LDA 1 U.

Samples of Li2��Li12xFex�N� were obtained by decom-
position of Li3�FeIIIN2� in the presence of Li (molar ratio
1:1) under Ar in an Fe crucible at maximum temperatures
of 800 ±C for 2 min [3]. Powder x-ray diffraction (XRD)
reveals the Li2��Li12xFex�N� phase and elemental Fe. The
substitution parameters x � 0.21 and x � 0.16 were de-
termined by linear interpolation of the hexagonal lattice pa-
rameters [x � 0.21: a � 367.5�4� pm, c � 380.5�4� pm
[3] ]. After grinding and purification from elemental Fe
by gradual magnetic separation the final composition of
the x � 0.21 sample was confirmed by chemical analysis
(x � 0.22). The x � 0.16 sample was synthesized simi-
larly at Tmax � 700 ±C and a longer reaction time (40 h).

Li2��Li12xFex�N�, like the analogous systems with Mn,
Co, Ni, and Cu, crystallizes in the Li2�LiN� �� a-Li3N�
structure type [8] (Fig. 1). Li is partially substituted by
Fe only within linear chains 1

`��Li12xFeIx�N�. Because of
the random substitution the iron species can have differ-
ent lateral surroundings of six Li or Fe atoms. Nitrogen
is surrounded by six further lithium atoms forming Li2N
layers perpendicular to the [(Li,Fe)N] chains.

The magnetization of powder samples was measured
in a SQUID magnetometer. Field cooling (fc) and
zero field cooling on rewarming (zfc) measurements
were performed. The corrected high-field susceptibility
1�x�T � above 200 K can be fitted by a Curie-Weiss
law x�T � � C��T 2 u� with u � 176 K �1136 K�
and C corresponding to meff � �4.4 6 0.3�mB�Fe atom
[�5.8 6 0.3�mB�Fe atom] for the x � 0.21 (x � 0.16)
sample. Thus, in both samples meff�Fe atom strongly
exceeds the spin-only value for a FeI high-spin d7 ion
�3.87mB�. For the d7 state of CoII 4.30 5.20mB are
observed [9]. The positive u points at a ferromagnetic
(fm) exchange interaction, but u and the meff�Fe atom are
© 2002 The American Physical Society 207202-1
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FIG. 1. Part of the crystal structure of Li2��Li12xFex�N�.

larger for the sample with the lower x. Below 200 K a
deviation of 1�x�T� below the Curie-Weiss extrapolation
hints to a frustration of the magnetic moments. In Fig. 2
the magnetizations M�T ,H� are plotted. In all fc curves
a broad increase and a tendency to saturation of M�T�
with decreasing T is observed. The temperature of this
rise in M�T� increases with H. For x � 0.21 at 2 K, M
increases slowly with H and reaches �2.0 6 0.3�mB�Fe
atom in 70 kOe field, while for x � 0.16 and H $ 1 kOe
saturation of M�T� around �5.0 6 0.3�mB�Fe atom is
observed, i.e., a value much higher than the spin-only
Msat � 3mB expected for a S � 3�2 FeI ion. The rise
in M�T � for low fields occurs at �60 K (�80 K) in the
x � 0.21 (x � 0.16) sample. The curves Mzfc�T� all
start with lower values than the fc data, increase with T
to display a maximum (at Tmax), and then smoothly join
Mfc. Tmax increases with decreasing field.

The smooth rise of M�T ,H� indicates the gradual fm
ordering of the FeI moments which is stabilized by exter-

FIG. 2. Temperature dependence of the magnetization of
Li2��Li12xFex �N� (x � 0.21, 0.16) measured in zfc (full sym-
bols and lines) and fc (open symbols) modes for external
magnetic fields (H�kOe) as indicated by the numbers.
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nal fields. At the current stage of experiments the ther-
mal remagnetization, which is characteristic for strong
anisotropic magnets with fm domains, is the easiest ex-
planation for the spin freezing. There are some indications
for a reentrant-spin-glass (RSG) transition of the x � 0.16
sample. This state might exist due to the random dis-
tribution of the Fe over the hexagonal plane. Also, a
RSG is destabilized with field. In ac-susceptibility data
[5] (Hac � 10 Oe) a decrease of xac�T� measured in cool-
ing below Tmax and the small coercivity at 2 K corroborate
the RSG interpretation for x � 0.16.

The analysis of the Mössbauer spectra (x � 0.21;
4.2 , T , 295 K) reveals the appearance of fm ordering
at TC � 65 K. At 295 K, all iron sites give rise to
quadrupole doublets with indistinguishable Mössbauer
parameters: isomer shift d � 20.026�4� mm�s (hereafter
with respect to a-Fe) and quadrupole splitting jDEQj �
2.61 mm�s. Typical relaxation asymmetry is observed
in the paramagnetic region and is very pronounced even
at 295 K. The 4.2 K Mössbauer spectrum (Fig. 3) exhibits
three well-defined groups �A,B,C� of sextets with the
parameters A: H � 696�3� kOe, d � 10.121�3� mm�s,
DEQ � 22.61�1� mm�s; B: H � 656�4� kOe, d �
10.133�4� mm�s, DEQ � 22.56�1� mm�s; C: H �
591�15� kOe, d � 10.170�4� mm�s, DEQ �
22.60�1� mm�s which can be correlated with three
positions with distinct atomic surroundings. Most
remarkable are the local magnetic fields. 696 kOe for the
main component A and 656 kOe for species B are well
above the record values of 624 kOe in a-Fe(OETAP)
[10] and 615 kOe in FeF3 [11]. Well-defined “static”
Mössbauer subspectra with relaxation broadened lines
coexist at low temperatures. Their common relative
intensity is �25% and this is too big to be attributed to
an impurity in the single-phase sample. Almost identical
hyperfine fields are found for x � 0.16.

The linewidths of the Mössbauer resonance signals cor-
relate with the structure of the local surroundings. The

FIG. 3. Mössbauer spectrum of Li2��Li12xFex�N� recorded at
4.2 K with subspectra (middle grey: species A (n � 6), dark:
species B (n � 5), light: species C (n � 4), lines: species D,
E, F with n � 3, 2, 1, respectively, and fitted sum curve.
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narrow lines of the sextet spectrum with the highest value
of the magnetic field may be explained by uniform sur-
roundings of the iron species, i.e., Fe with only Li ions as
nearest neighbors within the (001) plane (see Fig. 1).

With increasing iron content in the local surroundings
of the iron position, different nonequivalent configu-
rations arise leading to an increase of the linewidths.
In the structure of the peripheral lines of the Möss-
bauer spectra one can clearly recognize three Fe sites
for which a monotonic increase of linewidths with a
concomitant decrease of the hyperfine field is observed.
These partial subspectra with hyperfine fields (linewidth,
relative area) 696(3) kOe (8.5 kOe, 19.8%), 656(4) kOe
(29 kOe, 37.8%), and 591(15) kOe (54 kOe, 15.0%)
are attributed to iron centers with lateral surroundings
consisting of six Li (n � 6, species A), five Li and
one Fe (n � 5, species B), four Li and two Fe [n � 4,
species C, d���Fe-�Li,Fe���� � 367.5�4� pm]. Two nitrogen
ligands in apical positions close the first coordination
sphere. Iron-rich environments (n � 3, 2, 1, 0) provide
the essential part in the middle of the spectrum, which
has a relaxation nature even at 4.2 K. A combinatorial
analysis has been performed using the expression for
the probability to find n Li among six neighbors within
the (001) plane: Wn � 6! �n! �6 2 n�!�21�1 2 x�nx62n.
The value of the iron concentration of x � 0.25 from
minimization of the functional F�x� � ��1 2 x�6 2

0.198�2 1 �6x�1 2 x�5 2 0.378�2 1 �15x2�1 2 x�4 2

0.15�2 1 �20x3�12 x� 1 15x4�1 2 x�2 1 6x5�1 2 x� 2
0.274�2 is in good agreement with those obtained by
XRD and chemical analysis. The combinatorial analysis
proves that Fe substitutes Li statistically in the x � 0.21
sample and supports the proposed site assignment. The
x � 0.16 sample (prepared at lower temperature) exhibits
a significant preference for the n � 5 configuration
(relative area 46.3%; 18.4% for n � 6; 19.1% for n � 4).

To understand the magnetism in Li2��Li12xFex�N� its
electronic structure was calculated using the FP-LAPW
method [6]. The key ingredient of our Hamiltonian was
the spin-orbit �SO� coupling and the inclusion of strong
Coulomb correlation for Fe-3d states as approximated by
the LDA 1 U method [12]. The random distribution of
Fe was modeled using the supercell approach. Here we
consider an especially illustrative model, which contains
two different Fe species in a

p
3 3

p
3 3 2 hexagonal unit

cell. The “Fe1” atom possesses six Li as nearest neighbors
within the (001) plane (corresponding to species A) while
the two “Fe2” atoms have three Li and three Fe neighbors
(species D), for which small orbital effects are observed.

The axial CF splits the five 3d orbital states of iron into
a doublet D1 [states (dxz, dyz), or equivalently jML � 1�,
j21�], a doublet D2 [states �dxy ,dx22y2�, or j2�, j22�],
and a singlet S (dz2, or j0�). For the expected 3d7 con-
figuration and in the weak CF scheme the majority spin
electrons occupy all five orbital states, while the distribu-
tion of the minority spin electrons depends on the energy
sequence of D1, D2, and S. A simple ligand field picture
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would predict that, because of the strong dz2(Fe)-pz(N)
hybridization, the singlet S possesses the highest energy.
In such a case the resulting state of FeI would be or-
bitally nondegenerate. Our electronic structure calcula-
tions point to a different sequence. All 3d majority spin
energy levels lie below the Fermi energy EF, in accord
with the weak CF scheme. However, in contrast to the lig-
and field prediction, for the minority spins the singlet S
has the lowest energy, doublet D1 is the highest and it
is unoccupied, while the doublet D2 is intersected by EF
(Fig. 4). Detailed analysis shows that the unusual en-
ergy scheme is a consequence of an on-site, CF induced
3dz2-4s mixing [7]. Because of the lack of bonding part-
ners within the (001) plane the Fe1�dxy ,dx22y2� states are
strongly localized and their peak in the density of states is
narrow �FWHM , 50 meV�. Therefore, SO coupling is
strong enough to split this peak by decreasing the energy
of ML � 2 states, moving them partially below EF and
increasing the energy of ML � 22 states, which become
less occupied. As a consequence a large orbital momen-
tum appears.

Using the force theorem [13] and the LSDA method we
calculated the magnetocrystalline anisotropy and obtained
Ec 2 Ea � 210.5�5� meV��unit cell�, where Ec and Ea

are the total energies for magnetization k c axis and k a
axis, respectively. The hexagonal c axis therefore is the
easy direction for magnetization and the anisotropy is very
large for a 3d metal compound. Therefore, all calculations
with SO coupling were performed with M k c.

Within LDA 1 SO the projection of the orbital momen-
tum on the hexagonal axis is Lc � 0.75 (see Table I). The
orbital momentum obtained so far is further enhanced by

FIG. 4. Scalar relativistic local spin density approximation
(LSDA) density of states for the minority spin channel cor-
responding to ML � 0, ML � 62, and ML � 61 states of
the Fe1 ion. Inset: Modification of the ML � 62 density of
states by the SO coupling (dashed curve) and by LDA 1 U
combined with SO coupling (full curve, parameters U � 4 eV,
J � 0.5 eV).
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TABLE I. Hyperfine fields H (kOe), electric field gradients
(EFG) �1021 V m22; experimental average value), magnetic or-
bital and spin moments, mL and mS�mB�, for two inequivalent Fe
ions, calculated using LDA 1 SO and LDA 1 SO 1 U meth-
ods. The values of U and J were 4 and 0.5 eV �LDA 1 SO 1
U1� and 8 and 1 eV �LDA 1 SO 1 U2�. Experimental values
are for x � 0.21.

Site LDA 1 SO 1U1 1U2 Expt.

Fe1 Hcont 260 283 2102
(A) Horb 524 955 1015
n � 6 Hdip 17 210 234

Htot 481 862 879 694(3)
EFG 216.8 214.0 211.4 � 218
mL 0.75 1.37 1.45
mS 2.39 2.59 2.74

Fe2 Hcont 61 240 2135
(B) Horb 182 98 36
n � 3 Hdip 12 30 72

Htot 255 88 227 �170�50�
EFG 216.7 219.3 224.7 � 218
mL 0.26 0.14 0.06
mS 2.50 2.88 3.21

the LDA 1 U, because the energy of states with larger
(smaller) occupation is decreased (increased). The split-
ting of the D2 peak by SO coupling and by electron corre-
lation, as obtained using LDA 1 U, is shown in the inset
of Fig. 4. This figure suggests that the resulting value of
Lc would be almost independent of the values of U and
J, providing these are kept within reasonable limits. In-
deed, increasing the value of U from 4 to 8 eV resulted in
a change of Lc from 1.37 to 1.45mB (see Table I).

The Fe2�dxy ,dx22y2� states also lie at EF, but due to
Fe-Fe hybridization, the corresponding bands are broader.
As a consequence, SO coupling and LDA 1 U produce
much smaller orbital moments �0.06 0.26mB�.

The hyperfine field Hhf on the Fe nuclei may be writ-
ten as Hhf � Hcont 1 Horb 1 Hdip 1 Hlatt, where Hcont

is the Fermi contact term, Horb and Hdip are contribu-
tions from the “on-site” interaction of the nuclear mag-
netic momentum with the electronic orbital and the spin
momentum, respectively. Hlatt corresponds to the inter-
action with other electronic magnetic moments and was
neglected here. For the calculation of Horb and Hdip,
the method of Blügel et al. [14] was employed. The re-
sults are summarized in Table I: Hcont is always smaller
than Horb. The field on Fe1 nuclei comes out larger
in LDA 1 U than observed. This is not surprising, be-
cause (i) the contact field on iron nuclei is underesti-
mated in the DFT calculations [15] and as Hcont and Horb

have opposite signs, this will decrease the total field and
(ii) more important, random strains will cause broadening
of the j62� peak in the density of states (Fig. 4). As a con-
sequence smaller Lc would be obtained in LDA 1 SO and
LDA 1 SO 1 U calculations, leading to a smaller Horb.
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Summarizing, we observe a peculiar new feature for
a 3d metal compound: it is generally accepted that CF
quenches a part or all of the orbital momentum of a free
3d ion. For cubic symmetry a maximum of L � 1 is pos-
sible and reduction of symmetry leads to further quenching
of L. For the compound studied, we showed that due to the
special electronic circumstances orbital moments of up to
L � 2 may be observed in an axial CF. In conclusion, the
huge hyperfine magnetic fields and the large magnetic mo-
ments found in the fm ordered phase Li2��Li12xFeIx�N� can
be explained by these strong orbital contributions within a
relativistic LDA 1 U scheme.
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