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Abstract

We report here the ground state electronic properties of the Y3Al2M3O12 (M ¼ Ti–Ni), where M atoms are

substituted in the tetrahedral sites of YAG garnet, Y3Cr2Al3O12; where the Cr atoms are substituted in the octahedral
sites and Y3Fe5O12 (YIG garnet) systems using the tight-binding linearised muffin-tin orbital (TB-LMTO) method. We

have made the calculations for the paramagnetic and ferromagnetic phases with the experimental lattice constant of

YAG. For YIG, we have done the same and also with the experimental lattice constant of YIG. Total energy

calculations clearly favour, for all the systems under investigation, the ferromagnetic ground state phase (high spin

configuration), except the M ¼ Ti case whose paramagnetic phase has lower energy. Interestingly for YIG, a

ferrimagnetic phase is observed as the Fe atoms in the octahedral and tetrahedral positions have opposite magnetic

ordering. This is in very good agreement with the experimental observations, even though our calculated local magnetic

moment for the octahedral Fe sites and therefore the total magnetic moment per molecule deviates largely. Our

calculations show all these systems to be metallic, except Y3Cr2Al3O12 and Y3Al2Fe3O12; which are shown to be a semi-
metal and a semiconductor, respectively. The local magnetic moment calculated for the M atoms in Y3Al2M3O12 are

consistent with Hund rules. The magnetic moment of Cr atom with octahedral position agrees well with that in LaCrO3;
in which the Cr atom has the similar octahedral coordination. The calculated cohesive energy (Ecoh) per molecule

decreases continuously from Ti–Ni in the Y3Al2M3O12 system, this trend is similar to that of the LaMO3
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1. Introduction

Natural and synthetic garnets form in a wide
variety of groups which are closely related by their
structure, chemistry, and physical properties [1].
They show interesting magnetic properties, viz.,
Ca3Fe2Si3O12 and Al2Fe3Si3O12 are antiferromag-
nets, yittrium iron garnet Y3Fe2Fe3O12 (YIG) and
ReIG (Re ¼ rare earths) are ferrimagnetic insula-
tors [2–5]. The technological use of garnets ranges
from laser [6] to computer memories, to many
devices where they are used as microwave optical
elements [7]. A continuing goal in this area is to
identify and design materials that lase at new
wavelengths, broadly tunable near infrared (NIR)
for application in optical communication and
medicine and with high efficiency [8]. Further,
the garnet structure provides a good model for
crystal chemical studies, by substituting ions in the
four, six and eight fold coordinated positions [9].
There have been several works on Y3Al5O12 in

which the tetrahedral and octahedral Al in
Y3Al5O12 is replaced by Cr. Sobolev et al. have
shown an additional confirmation of the existence
of the tetrahedral Cr4þ centers and determination
of their properties compared with the other
Cr3þ;4þ centers in yittrium aluminum garnet
YAG on the basis of the electronic structure
calculations using the interstitial cluster approx-
imation modified to the case of crystals with
complex structure [10]. Hong and Zhang have
studied quantitatively the luminescence properties
of Cr3þ ions and energy transfer between the Cr3þ

and Nd3þ ions in YAG [11]. It is to be noted that
Cr3þ is a good sensitizer and is widely used to
improve the laser efficiency in many hosts,
including YAG. The tetrahedrally coordinated
Cr4þ ion has been found to be the most promising
NIR lasing center [8]. The isoelectronic Mn5þ and
Fe6þ ions in YAG have also been studied in this
connection [8]. Regarding the magnetism of YIG,
the only magnetic ion in this system is Fe3þ: The
net magnetisation of YIG is due to the resultant of
two oppositely magnetised lattices of Fe3þ ions.
Each ferric ion at very low-temperature (near zero
K) contributes �5mB (by Hund rules) to the
magnetisation, but in each formula unit the
tetrahedrally coordinated Fe3þ ions are magne-
tised oppositely to the two octahedrally coordi-
nated Fe3þ ions, giving a resultant of 5mB (by
Hund rules) per formula unit [2] and experimen-
tally it is observed to be � 4.5 and 5.01mB [3,4].
For the pure and doped garnet systems, there

are very few theoretical electronic structure studies
in the literature, that too which are based on
electrostatic or model potential schemes [1]. To
our knowledge, no ab initio or first principles
electronic structure calculations of such an im-
portant garnets are available except the works of
D’ Arco et al. for Mg3Al2Si3O12 and Pari et al. for
YAG, with the explicit reason being the large unit
cell [1,12].
The main objective of the present work is to

study quantitatively and systematically the elec-
tronic structural properties of the Y3Al2M3O12

with M ¼ Ti–Ni, where the M atoms are sub-
stituted in the tetrahedral Al sites, using the
first principles tight binding linear muffin-tin
orbital within the atomic sphere approximation
(TB-LMTO-ASA). We have done paramagentic
and ferromagnetic calculations for this system as
the substitutional elements are 3d transitional
metal atoms. To understand the role of octahedral
and tetrahedral substitutional effects, we have also
studied the Y3Cr2Al3O12 system and compared
with it’s tetrahedral substitutional counter part.
We have made calculations for YIG with its
experimental lattice parameter and also with that
of YAG which correctly accounts the ferrimagnet-
ism of YIG. Our calculation shows all of the
systems under consideration to be metallic except
the Y3Cr2Al3O12 and Y3Al2Fe3O12 systems,
which are shown to be semi-metallic and semi-
conducting, respectively. Further, our total energy
calculations favour ferromagnetic phase to be the
ground state for all of them except for
Y3Al2Ti3O12; which is found to be paramagnetic
metal. The calculated local magnetic moments of
the Y3Al2M3O12 systems are consistent with
Hund rules, however there are no experimental
results available to our knowledge to compare our
results.
The organisation of the paper is as follows: in

Section 2, we have described the structure and the
methodology used for calculating the electronic
structure, in Section 3, we have presented the
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calculated results and discussions and in Section 4,
we have given the conclusions.
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2. Structure and methodology

The Y3Al2Al3O12 system crystallises in the cubic
garnet structure with the space group Ia3d (230)
[13,14]. In the garnet, there are eight molecules per
unit cell and four molecules per primitive cell. The
Y atoms are dodecahedrally coordinated. In each
molecule, there are two types of Al atoms, of
which two Al atoms are octahedrally and three Al
are tetrahedrally coordinated by the O atoms. For
our substitutional studies, we have taken the
experimental lattice parameter (a ¼ 22:696 a.u)
of YAG as our earlier calculated equilibrium
lattice parameter value [12] is almost the same as
that of the experimental one.
We have employed the first principles TB-

LMTO-ASA [15,16] to study these systems. We
have used Barth–Hedin exchange correlation
scheme for the exchange correlation part of the
potential [17]. The method is based on the density
functional theory (DFT) within local density
approximation (LDA) [18,19], and therefore we
expect overbinding and underestimation of the
band gap. Since the garnets exist in relatively open
structures, we have inserted empty spheres, 88 for
YAG, in the open interstitial positions in such a
way as to maintain the crystal symmetry as well as
a maximum AS-overlap of less than 15%. This
stabilises charge transfer between cations and
anions, but increases the atoms per primitive cell
even more. We have used 29 ~k-points for all the
garnets under consideration within the irreducible
part of the Brillouin zone. We have used the
following valence electron configurations for the
constituent atoms throughout our calculations:
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M : 4s2 4p0 3dn; n ¼ 2–8,

Y : 5s2 5p04d1 4f0;

O : 2s2 2p4 3d0:
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Fig. 1. (left) Total DOS of Y3Al5O12 (right) paramagnetic total

DOS of Y3Al2Ti3O12 in ambient conditions.
The self-consistency runs were terminated at
errors in charge � 10�4 and total energies � 10�5

in atomic units. Ferromagnetic calculations have
been performed using spin DFT, by splitting the
total moments of 3d states at M sites with spin up
and down moments. Self-consistency in magnetic
moments were achieved to an accuracy of 10�4mB:
3. Results and discussions

3.1. Ground state studies

We have carried out the self consistent electronic
structure calculations with experimental lattice
parameter (a) of YAG for all the substitutional
studies and with the experimental lattice of YAG.
For YIG, we have performed the calculations by
replacing the octahedral Al sites in Y3Al2Fe3O12

and also with that of the experimental lattice of
YIG [20,21]. In Fig. 1 (left), we have given the
total density of states (DOS) of YAG [12] to
compare with that of the 3d transition metal
substituted YAG and that of YIG. The calculated
total DOS for all the M substituted YAG are given
in Fig. 1 (right) and Fig. 2. We have substituted
the M atoms (M ¼ Ti–Ni) at the tetrahedrally
coordinated Al sites i.e. 3 Al atoms are replaced by
3 M atoms per molecule. Our total energy
calculations performed with para and ferromag-
netic phases show that the Y3Al2M3O12 systems
with, M ¼ V, Cr, Mn, Co and Ni are ferromag-
netic metals (the ferromagnetic phase is about
10�2 Ry lower than that of the paramagnetic
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Fig. 2. Ferromagnetic total DOS of (top, left) Y3Al2V3O12

(top, right) Y3Al2Cr3O12; (middle, left) Y3Al2Mn3O12 (middle,

right) Y3Al2Fe3O12; (bottom, left) Y3Al2Co3O12 (bottom,

right) Y3Al2Ni3O12:
phase), M ¼ Ti is a paramagnetic metal and
M ¼ Fe is a ferromagnetic semiconductor as the
ground-state phases. For simplicity, we have not
given the corresponding band structure of these
systems here.
A comparison of Fig. 1 with Fig. 2, clearly
shows that the tetrahedral Ti substitution in YAG
is metallic as the EF passes through the partially
filled 3d (t2g; triplet manifold) states. In these
figures the states around �1:5Ry are due to O-2s,
around �0:3Ry are prodominantly due to O-2 p,
the states around EF are due to M-3d, the states
above these are due to M-4s and Y and the states
around +1.5Ry are due to the empty spheres. It is
important to note that the O-2s, p states virtually
remain the same, the Ti-3d bands lie well above the
O-2p bands and the gap between the O-2p and the
empty conduction bands in YAG remains almost
the same as that between O-2p and Ti-3d in
Y3Al2Ti3O12: Our ferromagnetic calculation for
this system shows that there is no local magnetic
moment present at the Ti site. Though we have
done our calculations within LSDA, which may
not be sufficient enough to describe compounds
with 3d elements because of correlation effects,
however, earlier LDA calculations for KMF3 [22]
and LaMO3 [23,24] where M is the 3d transition
metal atoms, have shown a reasonable description
of the ground states of these correlated systems.
The total DOS of Y3Al2Fe3O12 (Fig. 2, middle

right) clearly shows a small insulating gap of about
0.03 eV (which is indirect, band structure is not
shown), due to the complete filling of up spin 3d-
t2g and eg states of Fe atom (half filling with 3þ
charge state) and the gap is between eg (up spin)
and t2g down spin bands. From Fig. 2, we note
that the O-2p and M-3d gap starts decreasing and
for M ¼ Fe, the p–d gap closes off, implying
clearly that the p–d hybridisation becomes very
strong for the M ¼ Fe, Co and Ni systems. This
decreasing trend of p–d gap is similar to that
observed for the LaMO3 (M ¼ Sc to Ni) systems.
The only difference between them is that the M
cations are in the octahedral environment in
the latter case. It is also clear from these figures
that the position of the O-2p bands remain
intact while the 3d bands start moving towards
the lower energy side with increase in the number
of 3d electrons. This behaviour is consistent with
the 3d-t2g and eg band filling. Though, we have
done the paramagnetic and ferromagnetic calcula-
tions to find out the crystal field and exchange
splits, due to the large number of atoms per
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2000
primitive cell, they become too small to calculate
with any accuracy.
In order to understand the importance of

(or difference between) tetrahedral and octa-
hedral substitutions in YAG, we have studied
one system with octahedral substitution, namely,
Y3Cr2Al3O12 (because of the important applica-
tions of Cr-doped ceramic systems). Our calcula-
tion shows this system to be ferromagnetic (like
the tetrahedral case) and the corresponding DOS
is given in Fig. 3. The calculation performed in the
paramagnetic phase shows a metallic ground state
with a total energy higher than that of the
ferromagnetic phase. However, from Fig. 3, it
appears that the latter is semi-metallic, due to the
completion of the t2g up spin states with 3d
electrons (high spin configuration). The exchange
splitting between the t2g up and the empty eg up,
which is also the insulating gap, is zero as they just
touch.
In Fig. 4, we have plotted the partial (only

Fe-3d) DOS for the octahedral and tetrahedral Fe
sites and total DOS of YIG, respectively, at the
experimental lattice value of YIG. It is to be noted
that the calculated total energy for the magnetic
phase with a ¼ 22:696 a.u (YAG lattice) is lower in
energy than that for a ¼ 23:387 a.u indicating that
the equilibrium a could be lower than that of YIG
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Fig. 3. Ferromagnetic total DOS of Y3Cr2Al3O12:
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Fig. 4. (top) Partial DOS of octahedral (left) Fe-3d up spin

states (right) Fe-3d down spin states in Y3Fe2Fe3O12: (middle)
Partial DOS of tetrahedral (left) Fe-3d up spin states (right) Fe-

3d down spin states in Y3Fe2Fe3O12: (bottom) Total DOS of
Y3Fe2Fe3O12:
experimental value as is the case with LSDA.
These figures clearly show that there is a strong
mixing between the O-2p and Fe-3d states (p–d
gap is zero). From Fig. 4, it is clear that the spin up
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Table 1

Magnetic moments and cohesive energies for various com-

pounds

System Magnetic moment Ecoh

Y3Al2M3O12

M ¼ Ti 0.000 170.995

M ¼ V 1.096 170.584

M ¼ Cr 2.048 169.711

M ¼Mn 3.216 167.737

M ¼ Fe 3.857 164.293

M ¼ Co 2.870 158.660

M ¼ Ni 1.811 154.222

Y3Cr2Al3O12 168.224

M ¼ Cr(oct.) 2.720

YIG1

M ¼ Fe(oct.) �0.874

M ¼ Fe(tet.) 3.182

YIG2 156.699

M ¼ Fe(oct.) �0.452

M ¼ Fe(tet.) 3.618
t2g of the octahedral Fe-3d is completely filled
(large peak) and surprisingly the down spin t2g of
the same site is also partially filled (like the case of
low spin configuration) leading to a small net
magnetic moment of (�0:5mB) per site. However,
Fig. 4 for tetrahedral Fe shows that the spin up t2g
is less filled while the down spin t2g is completely
filled along with a partial filling of down spin eg;
leading to a large net magnetic moment dominated
with down spin (� 3:6mB; see Table 1). This value
is slightly lower than the Y3Al2Fe3O12 system.
This, in other words, shows that the octahedral (2)
Fe atoms and tetrahedral (3) Fe atoms per
molecule have different splittings and different
(and opposite) local magnetic moments. Our
calculation correctly accounts the ferrimagnetism
of YIG (see Table 1). The calculated local
magnetic moments and therefore the total mag-
netic moment per molecule deviates from the
Hund rules. By Hund rules each Fe3þ ion,
irrespective of octahedral or tetrahedral coordina-
tion, should have (as they are localised and narrow
bands) �5mB: Experimentally it is observed to be
4:5mB which is rather large compared with our
prediction of � 3:6mB: However, our calculation
shows correctly the opposite alignment of spins at
octahedral and tetrahedral sites, but with a large
difference in their magnetic moments (see Table 1)
with a net magnetic moment of 9:5mB per
molecule. This deviation may be because of the
lack of strong correlation effects within LSDA.
Due to the same reason, our calculation shows a
metallic ground state for this system. A compar-
ison of Fig. 1 with Fig. 4 shows that the 3d bands
exactly fill the insulating gap of YAG with
zero p–d gap unlike the case of tetrahedral
substitution of Fe.
The calculated local magnetic moment of 3d

transition metal elements in YAG and YIG and
their Ecoh per molecule are given in Table 1. The
cohesive energy shows a continuous decrement
from M ¼ Ti–Ni in Y3Al2M3O12 systems. This
decreasing trend indicates that the system is more
and more loosely bound in stepping down from
Ti–Ni. This is very much in agreement with the
overall trend observed in the case of the LaMO3

system [23] with M ¼ Ti–Ni, the only difference is
that in the latter case, the M atoms are in the
octahedral environment. From this table, it is clear
that the magnetic moment of the M atoms are in
reasonable agreement with the Hund rules. It is
important to note that the magnetic moment of the
octahedrally coordinated Cr (note also that the
magnetic moment increases due to octahedral
environment than that of tetrahedral) in YAG
compares very well with that of Cr in LaCrO3

system (though the system is antiferromagnetic,
the Cr atom has a magnetic moment of 2.82mB). A
comparison of the local magnetic moment of
YAG1 and YAG2 in this table suggests that the
relaxation of atomic positions in YIG may
improve the results. Another possible reason may
be due to the usage of LDA, where strong
correlation (purely a many body effect) is not
taken into account. Further, due to the same
reason the insulating property of YIG could not be
accounted. Incorporation of correlation effect to
LDA (though it is a very difficult task for this
system) may lift the degeneracy present in the t2g
and eg bands of 3d and thereby can open the
insulating gap.
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4. Conclusions

We have calculated the electronic properties due
to the tethedral substitution of 3d elements (M) in
YAG. We have performed paramagnetic and
ferromagnetic calculations to study the crystal
field and exchange split. However, due to the large
number of atoms per primitive cell, such splitting
turns out to be too small to calculate. Total energy
calculations clearly show ferromagnetic ground
states for M ¼ V–Ni tetrahedral substitution in
YAG. The calculated local magnetic moments are
in accordance with Hund rules. There are no
experimental results available to our knowledge to
compare our results. Our calculations show that
Y3Al2Ti3O12 to be a paramagnetic metal while
Y3Al2Fe3O12 a ferromagnetic semiconductor. To
understand the role of octahedral and tetrahedral
substitutions in YAG, we have studied the
Y3Cr2Al3O12 system. In both the cases, our spin
polarised calculations show a magnetic ground
state. However, the local magnetic moment of Cr
in the octahedral environment increases and is in
agreement with that of Cr in LaCrO3: Impor-
tantly, unlike the case of tetrahedral, octahedral
coordination of Cr results in a semi-metallic
ground state. Our DOS plots for these systems
clearly show the metallic ground state phase for all
except Y3Cr2Al3O12 and Y3Al2Fe3O12: The posi-
tions of O-2s and 2p states in Y3Al2M3O12 remain
virtually the same as that of YAG. The p–d gap
decreases from M ¼ Ti–Mn and closes off for
M ¼ Fe–Ni perhaps due to a strong p–d hybridi-
sation. This decreasing trend is similar to that
observed for the LaMO3 (M ¼ Sc–Ni) systems.
Our calculations correctly account the ferrimag-
netism of YIG, though the magnitude of the
calculated local magnetic moments of Fe deviates
from the experimental values. Further, the calcu-
lated Ecoh per molecule decreases from M ¼ Ti–Ni
of Y3Al2M3O12: This decreasing trend is similar
to that observed for LaMO3 system (where all
the M atoms are in octahedral environment).
We look forward experimental results to confirm
our calculations.
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