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Abstract / Summary

1 of 2

Hexagonal Mn4Nb2O9 (Mn2+ / 3d5 and Nb5+ / 4d0 ) is a known
antiferromagnetic insulator with TN = 120 K and displays magnetoelectric
effects. In literature the reported synthesis of Mn4Nb2O9 implies an
appropriate molar mixture of MnO or MnCO3 (both Mn2+ ) and Nb2O5 (Nb5+ )
which is heated under argon. In this work melt-grown crystalline Mn4Nb2O9
was prepared by processing an appropriate molar mixture of Mn2O3 (Mn3+ ),
Nb2O5 , and Nb powder under argon. Thermogravimetry was used to check
its oxygen content at several stages of the synthesis procedure. The
crystalline material was prepared by floating zone melting by using a
Cyberstar mirror furnace. Powder x-ray diffraction indicates that the resulting
crystalline Mn4Nb2O9 is single phase and hexagonal. The magnetic properties
were studied by a SQUID magnetometer and the obtained M(T) and [ (T) ] – 1
curves indicate a Curie-Weiss behavior and an antiferromagnetic transition at
120 K. The M(H) curves are linear and do not show any indications for a
field-induced change of the spin state of the Mn2+ ions.
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Abstract / Summary

2 of 2

Hexagonal Fe4Nb2O9 (Fe2+ / 3d6 and Nb5+ / 4d0 ) is isostructural to Mn4Nb2O9 .
The synthesis and crystallographic data of Fe4Nb2O9 as well as a
FeO – Nb2O5 phase diagram are reported in literature. In this work
melt-grown crystalline Fe4Nb2O9 was prepared and studied by the same
approach as for Mn4Nb2O9 whereby at the starting materials Mn2O3 (Mn3+ )
was replaced by Fe2O3 (Fe3+ ). In this way melt-grown crystalline Fe4Nb2O9
was obtained. Within the detection limit of powder x-ray diffraction it is single
phase and hexagonal. The measured magnetic properties of Fe4Nb2O9
suggest an antiferromagnetic transition at about 40 or 30 K. The Curie-Weiss
model seems to inappropriate to describe M(T) and [ (T) ] – 1 .
The M(H) curves of Fe4Nb2O9 indicate at H 0.5 T a field-induced change
of the spin state of the Fe2+ ions.
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Abstract in English of a paper in French from 1961 about oxides
of the type of M4A2O9 with M = Mn , Fe , Co , Mg and A = Nb , Ta
Etude de niobates et tantalates de metaux de transition bivalents
E. F. Bertaut et al. , J. Phys. Chem. Solids 21 (1961) 234 - 251
https://doi.org/10.1016/0022-3697(61)90103-2
The structure of M4A2O9 (M = Mn, Fe, Co, Mg and A = Nb, Ta) has been studied
by x-rays. It derives from the corundum type structure (α - Al2O3) by an ordering
of the cations M and A. The most probable space group is P 3 c 1. Magnetic
measurements and neutron diffraction show up the antiferromagnetic nature of
Mn4Nb2O9 and Co4Nb2O9. The spins form chains along the lines 1/3 2/3 z (+ spins)
and 2/3 1/3 z (− spins).
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Abstract of a paper from 2015 about Mn4Nb2O9
Magnetic-field-induced dielectric anomaly and electric polarization in Mn4Nb2O9
Y. Fang et al. , Journal of Applied Physics 117 (2015) 17B712 ( 1 - 4)
https://doi.org/10.1063/1.4913815
Magnetic, dielectric, and magnetoelectric properties have been investigated in the
polycrystalline Mn4Nb2O9. Under zero magnetic fields, no dielectric anomaly and
electric polarization are observed in this compound. When the sample is exposed in
magnetic field, finite dielectric peaks and electric polarization are induced, which
increase with increasing magnetic field, showing magneto-dielectric and
magnetoelectric effects. The origin of magnetoelectric coupling of this
compound has been discussed.
10

Hexagonal Mn4Nb2O9
Mn2+ / 3d5 and Nb5+ / 4d0
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Mn4Nb2O9 (Mn2+ and Nb5+ )
Synthesis approach reported in literature
4 MnO (or 4 MnCO3) (Mn2+ ) + Nb2O5 (Nb5+ )  Mn4Nb2O9 (+ 4 CO2  )
under argon atmosphere
Mn4Nb2O9 melts congruently at 1400 °C under argon
 MnO – Nb2O5 phase equilibrium diagram in Phase Equilibria Diagrams (PED) Online:
https://phaseonline.ceramics.org/ped_figure_search
PED figure number EC-114. Associated reference:
H. Han et al. , J. Met. Sci. Technol. 6 (1990) 98 - 102
 Method for directly growing magnetoelectric material Mn4Nb2O9 single crystal by
using one-step method, Patent CN105332057A, published 17 February 2016:
https://www.google.com/patents/CN105332057A?cl=en
 Magnetic-field-induced dielectric anomaly and electric polarization in Mn4Nb2O9 , Y. Fang
et al. , J. Appl. Phys. 117 (2015) 17B712 (1 - 4): http://dx.doi.org/10.1063/1.4913815
12

Synthesis approach in this work:
Procedures and results including
thermogravimetry of starting materials and
mingled starting materials, and pictures of
melt-grown crystalline Mn4Nb2O9 ...
Presented in Ref. [5] are experimental details and used devices such as
an analytical balance for weighing powders, a special agate mortar and
pestle for mingling powders, special pressing dies for the preparation of
rectangular rods, a GERO tube furnace, a Cyberstar mirror furnace, an
oxygen analyzer ZIROX SGM7, a thermogravimetric analyzer NETZSCH
TG 209 F1 Libra, and a Quantum Design SQUID magnetometer MPMS3
13

Mn4Nb2O9 (Mn2+ and Nb5+ )
Synthesis approach under argon in this work
2 Mn2O3 + (1 – y) Nb2O5 + 2 y NbO0.03  Mn4Nb2O8.98
for y = 146 / 494

Mn2O3 (Mn 3+ ) with
thermogravimetrically
confirmed oxygen
content

Nb metal powder with
thermogravimetrically
determined oxygen
content 0.03 (about Nb0 )

Assumption or hypothesis:
Intrinsic valence redistribution from Mn3+ / about Nb0 / Nb5+
to Mn2+ / Nb5+ during the synthesis procedure

14

Starting materials
 Mn2O3 powder (MaTeck, Lot 250708 , 99.9 % metals basis)
 Nb2O5 powder (Alfa Aesar, Lot W10A029 , 99.9 % metals basis)
 Nb powder (Alfa Aesar, Lot H23W049 , 99.99 % metals basis) with
thermogravimetrically determined oxygen content 0.03  NbO0.03
The oxygen content of Mn2O3 was verified by thermogravimetry
as described in part 12 - 3 of Ref. [5]
The thermogravimetric determination of the oxygen content
of the Nb powder is presented in Fig. 3
The as-delivered powders Mn2O3 and Nb2O5 may contain moisture and
therefore they were heated for several hours at 400 °C under air and
subsequently stored in a desiccator
15

Insertion 1 / 2 – Thermogravimetric determination of the oxygen content of oxides
The oxygen content x of an oxide ROx can be determined by thermogravimetric
analysis if it can be oxidized or reduced without evaporation to a well-known
and well-defined final composition ROF according to
ROx +

1
(F – x) O2  ROF
2

Eq. (1)

F > x (oxidation) or F < x (reduction)

Weight or mass

The following figure sketches the case of F > x (oxidation):
Fig. 1

Final state ROF with mass m + m
m
initial state ROx with mass m

Temperature

For example, reduced titanates and niobates such as LaTiOx and SrNbOx with
x < 3.50 oxidize at elevated temperatures under an oxidizing atmosphere to a
well-defined fully oxidized composition LaTiO3.50 and SrNbO3.50 where all Ti
and Nb ions are in their highest valence state Ti 4+ and Nb 5+, respectively.
The oxygen valence is usually O 2 – and the chemical formulas of oxides
correspond to the charge neutrality, i.e. the sum of all positive and
16
negative electrical charges (valences) per formula is zero

Weight or mass

Insertion 2 / 2 – Thermogravimetric determination of the oxygen content of oxides
Fig. 2

Final state ROF with mass m + m
m
initial state ROx with mass m

Temperature

From ROx +

1
(F – x) O2  ROF , the above sketch, and the rule of three it follows
2

(F – x) M(O)
m
=
m + m
M(ROF)



m M(ROF)
x=F–
(m + m) M(O)

Eq. (2)

M(O) = Molar mass of oxygen = 15.999 g / mole
M(ROF) = Molar mass of ROF = M(R) + F M(O)
m = Weight or mass of ROx
m = Mass difference between the initial state ROx and final state ROF
After the thermogravimetric determination of m the oxygen content x of ROx
can be calculated by Eq. (2)
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Thermogravimetric determination of the oxygen content of Nb powder
96.2 mg Nb or NbOx powder (about Nb0 ) were thermogravimetrically oxidized to NbO2.5 = Nb2O5
(Nb5+ ) under synthetic air. If we assume that the observed mass change m = + 40.7 mg
corresponds exclusively to the conversion of NbOx into NbO2.5 = Nb2O5 , the we obtain x = 0.03

Fig. 3

The thermogravimetric analysis was performed with a themogravimetric analyzer
NETZSCH TG 209 F1 Libra which is presented in part 12 of Ref. [5]
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As-mingled powder mixture
2 Mn2O3 + (1 – y) Nb2O5 + 2 y NbO0.03 = Mn4Nb2O8.98
for y = 146 / 494
Calculated and weighed amounts of starting materials:
5.639 g Mn2O3
2.806 g Nb2O5
1.364 g NbO0.03
Fig. 4

Use a small amount of the powder
mixture for an attempt to confirm
the oxygen content x = 8.98 of
Mn4Nb2Ox experimentally by
thermogravimetry

Press a part of the powder
mixture into two rods
19

Thermogravimetry under synth. air of 77.5 mg of the powder mixture
2 Mn2O3 + (1 – y) Nb2O5 + 2 y NbO0.03 = Mn4Nb2O8.98 for y = 146 / 494
If we assume that the step from A to B and its associated mass change m = + 4.53 mg
corresponds to an oxidation from Mn4Nb2Ox to Mn4Nb2O11 (Mn 3 + and Nb 5 + ), then we obtain
x = 8.992 and thus the desired composition can be considered as confirmed. The mass change
m = + 4.53 mg reflects the oxidation of NbO0.03 (about Nb 0 ) to NbO2.5 = Nb2O5 (Nb 5 + )

Fig. 5

B

C
A

The step from
B to C is probably
due to a change
from Mn3+ to a
lower Mn valence
state which is
accompanied by
a release of
oxygen, e.g. from
Mn2O3 = MnO1.50
(Mn3+ ) to
Mn3O4 = MnO1.33
(Mn2.67+ )

The thermogravimetric analysis was performed with a themogravimetric analyzer
NETZSCH TG 209 F1 Libra which is presented in part 12 of Ref. [5]
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Thermogravimetry under synth. air of 77.5 mg of the powder mixture
2 Mn2O3 + (1 – y) Nb2O5 + 2 y NbO0.03 = Mn4Nb2O8.98 for y = 146 / 494
If we assume that the step from A to C and its associated mass change m = + 2.50 mg
corresponds to an oxidation from Mn4Nb2O9 to Mn4Nb2Ow (Mn E + and Nb 5 + )
with E = (w – 5) / 2 , then we obtain w = 10.1 and E = 2.55 (Mn 2.55 + )

Fig. 6

B

C
A

The thermogravimetric analysis was performed with a themogravimetric analyzer
NETZSCH TG 209 F1 Libra which is presented in part 12 of Ref. [5]
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Two as-pressed rods made of the powder mixture
2 Mn2O3 + (1 – y) Nb2O5 + 2 y NbO0.03 = Mn4Nb2O8.98 for y = 146 / 494
Both as-pressed rods (black)
are located on a so-called
lower punch made of alumina
(light yellow) within an alumina
box (white). The length of the
long rod is 90 mm. The aspressed rods are now ready
for sintering under argon in a
GERO tube furnace which is
presented in Ref. [5]

Fig. 7
Fig. 8

Alumina box is covered with
a Nb sheet which acts as an
oxygen getter. In this manner
it will be placed into the
GERO tube furnace [5] for
sintering under argon
22

Recorded data of the tube furnace run No. 52 on 26 and 27 January 2017 with
Mn4Nb2O9 type rods (name 795 S) on lower punches made of alumina in an
alumina box covered with a Nb sheet. Before starting the run: 2  evacuated (down
to 1,7  10 – 3 / 1,0  10 – 3 mbar at gas outlet after 6 / 6 min) and flushed with argon.
Gas flow rate 400 sccm argon. Heating and cooling rate 250 °C / h (set values).
Dwell time 2 h at 1130 °C . The O2 content of argon at the gas outlet becomes zero
at elevated temperatures because the Nb sheet getters oxygen. Argon purity 6.0
The GERO tube furnace is presented in part 8 of Ref. [5]
Pressure (mbar)

1000
100

T (°C) set value
(light green)

T (°C) actual value

10
1
0.1

Ar gas flow (l / h) (light blue)
ppm O2 at gas outlet
(< 1,2 ppm)

Fig. 9

0.01
0.01

time / date
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Two rods with composition Mn4Nb2O9 before and after sintering
Fig. 10
As-pressed rods (black)
before sintering. The length
of the long rod is 90 mm

Fig. 11
Rods after sintering for 2 h at
1130 °C under argon in the
GERO tube furnace. Note the
change of the color of the rods

Fig. 12

1

1

After sintering a part of the
Nb cover sheet shows a change of
its appearance (1). Probably this
was caused by a small amount of
vapor which was released from
the rods during their sintering
24

Two polycrystalline sintered and mechanically stable rods with
composition Mn4Nb2O9 for processing by floating zone melting
in a Cyberstar mirror furnace

Feed rod

The length of the
feed rod is 90 mm
Seed rod

Fig. 13

Cyberstar mirror furnace
Fig. 14
The Cyberstar mirror furnace is
presented in part 2 of Ref. [5]
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h : min : sec

Fast mode video of the melt-grown
synthesis of crystalline Mn4Nb2O9 by
processing the rods (see previous page)
in the Cyberstar mirror furnace. The
video is only running in the ppsx type
version of this presentation
Atmosphere: Argon (purity 6.0)
Argon gas flow rate: 400 sccm (24 liter / h)
Lamp power to maintain the molten zone:
About 2 × 245 W
Zone speed (speed of the lower shaft
and seed rod), i.e. growth speed of the
crystalline material: 14 mm / h
The chemical composition of the rods and
molten zone absorbs oxygen. That was verified
by an oxygen analyzer ZIROX SGM7 at the gas
outlet of the mirror furnace: At the beginning
(lamps are still turned off) the oxygen content
of argon was about 1 ppm. Upon heating the
oxygen content of argon did drop to zero
26

The floating zone melting of
the rods with composition
Mn4Nb2O9 by the Cyberstar
mirror furnace under normal
pressure went basically well,
however a non-negligible
evaporation took place
during the run
Fig. 15
That is revealed by the picture on
the right which was taken after
the run. Obviously the upper part
of the quartz glass tube shows
inside a dark layer (3)

3

2
1

2 Remaining part of the long rod
or feed rod
1 As-grown crystalline material,
black, length about 5 cm
27

As-grown crystalline Mn4Nb2O9 and rods after the mirror furnace run

53 mm
Seed rod

Fig. 16
53 mm long as-grown crystalline Mn4Nb2O9 (name 795C) and polycrystalline seed rod

35 mm
Fig. 17

Remaining part of the polycrystalline feed rod
28

As-grown crystalline Mn4Nb2O9 and rods after the mirror furnace run
Use a piece from seed rod for thermogravimetry
53 mm
Seed rod
6

7

Approximate length of labelled sections in mm

Fig. 16

CE C1

53 mm long as-grown crystalline Mn4Nb2O9 (name 795C) and polycrystalline seed rod

35 mm
Fig. 17

Remaining part of the polycrystalline feed rod
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Pieces from the as-grown crystalline Mn4Nb2O9 (795C)

CE

C1
Fig. 18
Two crystalline samples, called CE and C1,
from the as-grown crystalline Mn4Nb2O9
(run or sample name 795C). The crystalline
samples correspond to the sections CE and
C1 which are indicated on the previous page

Fig. 19
Some of the crystalline specimen
which resulted from crushing
sample C1 into several pieces

Measurement of the electrical resistance R of a crystalline piece by a
multimeter indicates R =  and thus Mn4Nb2O9 seems to be an insulator
30

Crystalline Mn4Nb2O9 grinded into powder (795C1)

11 mm

Fig. 21

Fig. 20
Some of the crystalline specimen
which resulted from crushing
sample C1 into several pieces.
Some of these and other specimen
were grinded into powder which is
shown in the right picture

Use a part of the
powder for
thermogravimetry

Use a part of
the powder for
powder x-ray
diffraction
31

Powder x-ray diffraction of meltgrown crystalline Mn4Nb2O9 with
a PANALYTICAL diffractometer
at the X-Ray Service Platform
of the Department of Materials
of the ETH Zurich ...
Acknowledgement
Thomas Weber
ETH Zurich  Department of Materials  X-Ray Service Platform
http://www.xray.mat.ethz.ch
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Powder x-ray diffraction of pulverized crystalline Mn4Nb2O9 (795C1)
Fig. 22

Fig. 23

Fig. 24

D

Sample holder from
PANALYTICAL for
powder x-ray diffraction.
Inner part (gray) is made
of single crystalline
silicon. Diameter of inner
deepening (D) is 15 mm

The inner deepening of
the sample holder is
loaded with a small
powder heap.
The powder can be
dispersed by adding a
few droplets of ethanol
and a manual horizontal
and oscillating motion

Powder is dispersed
in a flat manner
within the inner
deepening. Now it is
ready for a powder
x-ray diffraction
measurement
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Powder x-ray diffraction of pulverized crystalline Mn4Nb2O9 (795C1)
Used diffractometer at the X-Ray Service Platform of the Department
of Materials of the ETH Zurich:
PANALYTICAL X`Pert PRO MPD diffractometer equipped
with a Ge monochromator (Cu K1 radiation).
Some of the measurement conditions:
Measured diffraction angle range 3°  2  73°
Irradiated and observed length 10 mm
Rotating sample with a revolution time of 2 seconds
Data evaluation and lattice parameter refinement with PANALYTICAL
software HighScore Plus. Available crystallographic database:
ICDD PDF 4+ (2016). ICDD = International Center for Diffraction Data
34

Powder x-ray diffraction of pulverized crystalline Mn4Nb2O9 (795C1)
Powder x-ray diffraction pattern of Mn4Nb2O9 (795C1)
Background subtracted

Fig. 25
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Powder x-ray diffraction of pulverized crystalline Mn4Nb2O9 (795C1)

Number of observed peaks: 28
All observed peaks fit to a hexagonal Mn4Nb2O9 type structure (Bravais lattice P):
a = b = 5.33 Å
c = 14.32 Å
V = 352.5 Å3
2obs - 2calc  0.045° for all observed (obs) and associated calculated (calc) peaks
Good agreement with reported lattice parameters of Mn4Nb2O9 , see e.g.
number 01-075-0523 in the ICDD PDF 4+ (2018) database which is based on Ref. [1]

36

Thermogravimetry of mingled
starting materials, sintered
polycrystalline rods, and
melt-grown crystalline material ...
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Thermogravimetry of Mn4Nb2Ox under synthetic air 1 / 3
Piece with m = 112.47 mg from the sintered polycrystalline seed rod after the mirror furnace run
If we assume that the step from A to C and its associated mass change m = + 3.52 mg
corresponds to an oxidation from Mn4Nb2Ox to Mn4Nb2O10.1 (Mn 2.55 + and Nb 5 + ), see Fig. 6,
then we obtain x = 9.02 which is close to the ideal oxygen content x = 9

Fig. 26

The thermogravimetric analysis was performed with a themogravimetric analyzer
NETZSCH TG 209 F1 Libra which is presented in part 12 of Ref. [5]
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Thermogravimetry of Mn4Nb2Ox under synthetic air 2 / 3
77 mg powder of the starting materials mixture
112 mg polycrystalline piece from the sintered seed rod after the mirror furnace run
86 mg pulverized crystalline material from section C1 of the as-grown sample

Fig. 27

B
C

A

The thermogravimetric analysis was performed with a themogravimetric analyzer
NETZSCH TG 209 F1 Libra which is presented in part 12 of Ref. [5]
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Thermogravimetry of Mn4Nb2Ox under synthetic air 3 / 3
Pulverized piece with m = 86.1 mg from section C1 of the as-grown crystalline sample
If we assume that the step from A to C and its associated mass change m = + 2.46 mg
corresponds to an oxidation from Mn4Nb2Ox to Mn4Nb2O10.1 (Mn 2.55 + and Nb 5 + ), see Fig. 6,
then we obtain x = 9.12 which is somewhat higher than the ideal oxygen content x = 9

Fig. 28

§

The thermogravimetric analysis was performed with a themogravimetric analyzer
NETZSCH TG 209 F1 Libra which is presented in part 12 of Ref. [5]
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Mn4Nb2O9
Some comments and open questions concerning the observed
evaporation during the floating zone melting process
 The observed evaporation – see Fig. 15 – suggests a somewhat changed
chemical composition of the melt-grown crystalline material compared to the
ideal composition Mn4Nb2O9 . This is supported by results from
thermogravimetry which are presented in Figs. 26 - 28. They indicate a
difference between the oxygen content of the polycrystalline sintered rods and
the melt-grown crystalline material, namely x = 9.02 – 9.12 = - 0.1 . For all
thermogravimetric calculations in this work a molar ratio Mn / Nb = 4 : 2 = 2
was assumed. However, the observed evaporation suggests a somewhat
changed Mn / Nb ratio for the melt-grown crystalline material, unless the
chemical composition of the vapor is the same as the chemical composition
of the melt and the polycrystalline sintered rods
 What is the chemical composition of the evaporated part ?
For example MnOx and / or Mn4Nb2O9 ?
 Potential option: Perform the melt-grown synthesis under a
high gas (argon) pressure in order to diminish the evaporation
41

Magnetic properties of
melt-grown crystalline Mn4Nb2O9
studied by a Quantum Design
SQUID magnetometer MPMS3 ...
The SQUID magnetometer MPMS3
and the preparation of samples for
magnetic measurements is
presented in part 13 of Ref. [5]
42

Study of magnetic properties of crystalline Mn4Nb2O9 (795C1)
by a Quantum Design SQUID magnetometer MPMS3

Fig. 29

Crystalline piece
(795C1_1) with
m = 46 mg selected
for a study of the
magnetic properties

14 cm

Fig. 30
Sample 795C1_1 fixed within a straw by pieces from another straw.
Now the sample is ready for magnetic measurements by the MPMS3
43

Study of magnetic properties of crystalline Mn4Nb2O9 (795C1)
by a Quantum Design SQUID magnetometer MPMS3
Magnetic moment M vs T (measured on 8 Feb 2017)
Fig. 31

120 K
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Study of magnetic properties of crystalline Mn4Nb2O9 (795C1)
by a Quantum Design SQUID magnetometer MPMS3

Magnetic moment M vs T
measured on 8 Feb 2017

M vs T of polycrystalline Mn4Nb2O9
reported by Y. Fang et al. in 2015

Fig. 33

Fig. 32

Figure 2 from a paper by Y. Fang et al.
Journal of Applied Physics 117 (2015) 17B712
http://dx.doi.org/10.1063/1.4913815
Copyright © 2015 AIP Publishing LLC
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Study of magnetic properties of crystalline Mn4Nb2O9 (795C1)
by a Quantum Design SQUID magnetometer MPMS3
Inverse magnetic moment M vs T
Fig. 34

M vs T
measured
on 8 Feb
2017
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Study of magnetic properties of crystalline Mn4Nb2O9 (795C1)
by a Quantum Design SQUID magnetometer MPMS3
Inverse molar magnetic susceptibility  vs T of MnNb0.5O2.25 = Mn4Nb2O9
and fit to the Curie-Weiss formula  = C / (T - )
M vs T
measured on
8 Feb 2017
For pexp and
Pth see Refs.
[6] and [7]

Fig. 35

 = - 305 K
indicates an
antiferromagnetic
interaction
between the
Mn 2+ ions
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Study of magnetic properties of crystalline Mn4Nb2O9 (795C1)
by a Quantum Design SQUID magnetometer MPMS3
Magnetic moment M vs H at T = 10 K
H: 400 G  50000 G = 5 T  400 G
Fig. 36

Measured on
8 Feb 2017
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Study of magnetic properties of crystalline Mn4Nb2O9 (795C1)
by a Quantum Design SQUID magnetometer MPMS3
Procedure on 8 February 2017:
1) Degaussing the superconducting magnet of the magnetometer to ensure a small residual
field of a few Gauss: Set field 0  12000 G (linear)  0 (oscillate) with 300 G / s
2) Inserting sample into magnetometer at T = 300 K
and set magnetic field H from zero to H = 400 G
3) Locating sample at T = 300 K and H = 400 G
4) Heating from 300 K to 390 K at H = 400 G
5) Measure magnetic moment M vs T from 390 K to 3 K at H = 400 G
6) Heating from 3 K to 10 K at H = 400 G without any measurement
7) Measure M vs H at T = 10 K from H = 400 G to 50000 G and back to 400 G
8) Heating from 10 K to 300 K and removing sample from magnetometer
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Study of magnetic properties of crystalline Mn4Nb2O9 (795C1)
by a Quantum Design SQUID magnetometer MPMS3
Magnetic moment M vs H at T = 300 K
H: 0  60000 G = 6 T  0  - 60000 G = - 6 T  0

Measured on
13 Feb 2017

Fig. 37
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Study of magnetic properties of crystalline Mn4Nb2O9 (795C1)
by a Quantum Design SQUID magnetometer MPMS3
Procedure on 13 February 2017:
1) Degaussing the superconducting magnet of the magnetometer to ensure a small residual
field of a few Gauss: Set field 0  12000 G (linear)  0 (oscillate) with 300 G / s
2) Inserting sample into magnetometer at T = 300 K
and set magnetic field H from zero to H = 10 G
3) Locating sample at T = 300 K and H = 10 G
4) Set magnetic field H from 10 G to zero
5) Measure magnetic moment M vs H at T = 300 K
6) Removing sample from magnetometer

51

Study of magnetic properties of crystalline Mn4Nb2O9 (795C1)
by a Quantum Design SQUID magnetometer MPMS3
Magnetic moment M vs H at T = 110 K
H: 0  60000 G = - 6 T  0  - 60000 G = - 6 T  0

Measured on
17 Feb 2017

Fig. 38
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Study of magnetic properties of crystalline Mn4Nb2O9 (795C1)
by a Quantum Design SQUID magnetometer MPMS3
Procedure on 17 February 2017:
1) Degaussing the superconducting magnet of the magnetometer to ensure a small residual
field of a few Gauss: Set field 0  12000 G (linear)  0 (oscillate) with 300 G / s
2) Inserting sample into magnetometer at T = 300 K
and set magnetic field H from zero to H = 10 G
3) Locating sample at T = 300 K and H = 10 G
4) Set temperature from T = 300 K to T = 110 K, cooling rate 4 K / min
5) Locating sample at T = 110 K and H = 10 G
6) Set magnetic field H from 10 G to zero
7) Measure magnetic moment M vs H at T = 110 K
8) Heating from 110 K to 300 K and removing sample from magnetometer
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Study of magnetic properties of crystalline Mn4Nb2O9 (795C1)
by a Quantum Design SQUID magnetometer MPMS3
Magnetic moment M vs H at T = 80 K
H: 0  60000 G = - 6 T  0  - 60000 G = - 6 T  0

Measured on
3 March 2017

Fig. 39
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Study of magnetic properties of crystalline Mn4Nb2O9 (795C1)
by a Quantum Design SQUID magnetometer MPMS3
Procedure on 3 March 2017:
1) Degaussing the superconducting magnet of the magnetometer to ensure a small residual
field of a few Gauss: Set field 0  12000 G (linear)  0 (oscillate) with 300 G / s
2) Inserting sample into magnetometer at T = 300 K
and set magnetic field H from zero to H = 10 G
3) Locating sample at T = 300 K and H = 10 G
4) Set temperature from T = 300 K to T = 80 K, cooling rate 4 K / min
5) Locating sample at T = 80 K and H = 10 G
6) Set magnetic field H from 10 G to zero
7) Measure magnetic moment M vs H at T = 80 K
8) Heating from 80 K to 300 K and removing sample from magnetometer
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Hexagonal Fe4Nb2O9
Fe2+ / 3d6 and Nb5+ / 4d0
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Fe4Nb2O9 (Fe2+ and Nb5+ )
Synthesis approaches reported in literature
4 FeO (Fe2+ ) + Nb2O5 (Nb5+ )  Fe4Nb2O9
under inert gas atmosphere
FeNb2O6 (Fe2+, Nb5+ ) + 1.5 Fe2O3 (Fe3+ )  Fe4Nb2O9 + 0.75 O2 
under an appropriate oxygen partial pressure

 FeO – Nb2O5 phase equilibrium diagram in Phase Equilibria Diagrams PED Online:
https://phaseonline.ceramics.org/ped_figure_search
PED figure number 6399. Associated reference:
A. Burdese and M. Lucco Borlera, Metall. Ital. 57 (4) (1965) 150 - 155
 Number 00-034-0433 in the ICDD PDF 4+ (2018) database
Associated reference: Nat. Bur. Stand. (U.S.) Monogr. 25 20 (1984) 58
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Phase diagram of the system FeO – Nb2O5
Fig. 40

According to this phase diagram
Fe4Nb2O9 melts incongruently at
about 1230 °C
FeO – Nb2O5 phase equilibrium diagram in
Phase Equilibria Diagrams (PED) Online:
https://phaseonline.ceramics.org/ped_figure_search
PED figure number 6399. Associated reference:
A. Burdese and M. Lucco Borlera,
Metall. Ital. 57 (4) (1965) 150 - 155

Nevertheless - as presented on the
following pages - single phase
crystalline Fe4Nb2O9 can be obtained
via a solidification from the melt. The
applied growth speed was 14 mm / h

58

Synthesis approach in this work:
Procedures and results including
thermogravimetry of starting materials and
mingled starting materials, and pictures of
melt-grown crystalline Fe4Nb2O9 ...
Presented in Ref. [5] are experimental details and used devices such as
an analytical balance for weighing powders, a special agate mortar and
pestle for mingling powders, special pressing dies for the preparation of
rectangular rods, a GERO tube furnace, a Cyberstar mirror furnace, an
oxygen analyzer ZIROX SGM7, a thermogravimetric analyzer NETZSCH
TG 209 F1 Libra, and a Quantum Design SQUID magnetometer MPMS3
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Fe4Nb2O9 (Fe2+ and Nb5+ )
Synthesis approach under argon in this work
2 Fe2O3 + (1 – y) Nb2O5 + 2 y NbO0.03  Fe4Nb2O8.98
for y = 146 / 494

Fe2O3 (Fe 3+ ) with
thermogravimetrically
confirmed oxygen
content

Nb metal powder with
thermogravimetrically
determined oxygen
content 0.03 (about Nb0 )

Assumption or hypothesis:
Intrinsic valence redistribution from Fe3+ / about Nb0 / Nb5+
to Fe2+ / Nb5+ during the synthesis procedure
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Starting materials
 Fe2O3 powder (Alfa Aesar, Lot 24091 , 99.9 % metals basis)
 Nb2O5 powder (Alfa Aesar, Lot W10A029 , 99.9 % metals basis)
 Nb powder (Alfa Aesar, Lot H23W049 , 99.99 % metals basis) with
thermogravimetrically determined oxygen content 0.03  NbO0.03
The oxygen content of Fe2O3 was verified thermogravimetrically
as described on the following page
The thermogravimetric determination of the oxygen content
of the Nb powder is presented in Fig. 3
The as-delivered powders Fe2O3 and Nb2O5 may contain moisture and
therefore they were heated for several hours at 400 °C under air and
subsequently stored in a desiccator
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Thermogravimetric verification of the oxygen content of Fe2O3
134.9 mg Fe2O3 = FeO1.5 or FeOx was thermogravimetrically reduced under 80 % helium
plus 20 % hydrogen. If we assume that the observed mass change m = - 29.98 %
corresponds to a reduction from FeO1.5 to Fe , then we obtain x = 1.505 or 2x = 3.01
and thus the oxygen content of Fe2O3 can be considered as confirmed

Fig. 41

The thermogravimetric analysis was performed by Lassi Karvonen at EMPA in
February 2013 by using a thermogravimetric analyzer NETZSCH STA 409 C / CD
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Fe4Nb2O9 (Fe2+ and Nb5+ )
Synthesis approach under argon in this work
2 Fe2O3 + (1 – y) Nb2O5 + 2 y NbO0.03  Fe4Nb2O8.98
for y = 146 / 494
Calculated and weighed amounts of starting materials (powder):
5.703 g Fe2O3
2.806 g Nb2O5
1.364 g NbO0.03
Analogous to the procedure for Mn4Nb2O9 these three powders were mingled
with an agate mortar and a part of the mingled powder mixtiure was
- pressed into two rods and sintered under argon
- thermogravimetrically oxydized to verify its oxygen content
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Thermogravimetry under synth. air of 97.1 mg of the powder mixture
2 Fe2O3 + (1 – y) Nb2O5 + 2 y NbO0.03 = Fe4Nb2O8.98 for y = 146 / 494
If we assume that the mass change m = + 5.63 mg corresponds to an oxidation from
Fe4Nb2Ox (Fe 3 +, about Nb 0, and Nb 5 + ) to Fe4Nb2O11 (Fe 3 + and Nb 5 + ), then we obtain
x = 8.995 and thus the desired composition can be considered as confirmed. The mass
change m = + 5.63 mg reflects the oxidation of NbO0.03 ( Nb 0 ) to NbO2.5 = Nb2O5 (Nb 5 + )

Fig. 42

The thermogravimetric analysis was performed with a themogravimetric analyzer
NETZSCH TG 209 F1 Libra which is presented in part 12 of Ref. [5]
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Recorded
of the tube
run No.
66No.
on28
26(744
andS)26
2017
with 2015.
Screen shotdata
of a log‐linear
plotfurnace
of tube furnace
run
onOct
9 and
10 March
Fe
rodswith
(name
814 box,
S) onlower
lower
punches
sapphire
in anpowder
4Nb2Otube
9 type
Alumina
loaded
alumina
punch
mademade
of FZY,ofpressed
SrNbOx
alumina
with Nb
sheet.
Before
the(after
run: 22 x evacuation
evacuatedand flushing at
742 PR / box
S. Without
Nbgetter
sheets.
Gas flow
300 starting
sccm Argon
(2,9  10 – 3 / 1,8  10 – 3 mbar at gas outlet after 6 / 6 min) and flushed with argon.
room temperaturected increase
Gas flow rate 400 sccm argon. Heating and cooling rate 250 °C / h (set values).
Dwell time 2 h at 1080 °C . The O2 content of argon at the gas outlet becomes zero
at elevated temperatures because the Nb sheet getters oxygen. Argon purity 6.0
The GERO tube furnace is presented in part 8 of Ref. [5]
Pressure (mbar)

1000
100

T (°C) set value
(light green)

T (°C) actual value

10

Ar gas flow (l / h) (light blue)

1
ppm O2 at gas outlet
0.1

Fig. 43

(< 2,7 ppm)

0.01
0.01

time / date

Two rods with composition Fe4Nb2O9 after sintering under argon

Fig. 44
Rods after sintering for 2 h at 1080 °C under argon in the GERO tube furnace
The sintering of the rods resulted in a significant shrinkage of their length,
namely L  - 10 mm for the long rod and L  - 4 mm for the short rod.
The length of the as-pressed long rod and short rod before sintering was
90 mm and 40 mm, respectively.
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Two rods with composition Fe4Nb2O9 after sintering under argon

Fig. 45
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h : min : sec

Fast mode video of the melt-grown
synthesis of crystalline Fe4Nb2O9 by
processing the rods (see previous page)
in the Cyberstar mirror furnace.
The video is only running in the ppsx
type version of this presentation
Atmosphere: Argon (purity 6.0)
Argon gas flow rate: 400 sccm (24 liter / h)
Lamp power to maintain the molten zone:
About 2 × 180 W
Zone speed (speed of the lower shaft
and seed rod), i.e. growth speed of the
crystalline material: 14 mm / h
The chemical composition of the rods and
molten zone absorbs oxygen. That was verified
by an oxygen analyzer ZIROX SGM7 at the gas
outlet of the mirror furnace: At the beginning
(lamps are still turned off) the oxygen content
of argon was about 1 ppm. Upon heating the
oxygen content of argon did drop to zero 68

Real time video of the melt-grown
synthesis of crystalline Fe2Nb2O9
h : min : sec

This video is a small section from the
video on the previous page.
The video is only running in the ppsx
type version of this presentation
Atmosphere: Argon (purity 6.0)
Argon gas flow rate: 400 sccm (24 liter / h)
Lamp power to maintain the molten zone:
About 2 × 180 W
Zone speed (speed of the lower shaft
and seed rod), i.e. growth speed of the
crystalline material: 14 mm / h
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As-grown crystalline Fe4Nb2O9 and rods after the mirror furnace run

Fig. 46

3
1

2

1 5 cm long as-grown crystalline Fe4Nb2O9 (name 814C)
2 Polycrystalline seed rod
3 Remaining part of the polycrystalline feed rod
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As-grown crystalline Fe4Nb2O9 after the mirror furnace run

Fig. 47
5 cm long as-grown crystalline material (name 814C)
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As-grown crystalline Fe4Nb2O9 (name 814C) after the mirror furnace run

CE

C8

Fig. 47
5 cm long as-grown crystalline material (name 814C)
Section C8 is about 8 mm long
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814 C8

Fe4Nb2O9
Fig. 48

Crystalline pieces
from section C8 of the
as-grown crystalline
material

Measurement of the
electrical resistance R
of a crystalline piece by
a multimeter indicates
R  2 M and thus
Fe4Nb2O9 seems to be
a poor conductor or an
insulator-like material
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Powder x-ray diffraction of meltgrown crystalline Mn4Nb2O9 with
a PANALYTICAL diffractometer
at the X-Ray Service Platform
of the Department of Materials
of the ETH Zurich ...
Acknowledgement
Thomas Weber
ETH Zurich  Department of Materials  X-Ray Service Platform
http://www.xray.mat.ethz.ch
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Powder x-ray diffraction of pulverized crystalline Fe4Nb2O9 (814 C8)
Used diffractometer at the X-Ray Service Platform of the Department
of Materials of the ETH Zurich:
PANALYTICAL X`Pert PRO MPD diffractometer equipped
with a Ge monochromator (Cu K1 radiation).
Some of the measurement conditions:
Measured diffraction angle range 3°  2  73°
Irradiated and observed length 10 mm
Rotating sample with a revolution time of 2 seconds
Data evaluation and lattice parameter refinement with PANALYTICAL
software HighScore Plus. Available crystallographic database:
ICDD PDF 4+ (2016). ICDD = International Center for Diffraction Data
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Powder x-ray diffraction of pulverized crystalline Fe4Nb2O9 (814 C8)
Powder x-ray diffraction pattern of Fe4Nb2O9 (814 C8)
Background subtracted

Fig. 49
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Powder x-ray diffraction of pulverized crystalline Fe4Nb2O9 (814 C8)

Number of observed peaks: 29
All observed peaks fit to a hexagonal Fe4Nb2O9 type structure (Bravais lattice P):
a = b = 5.23 Å
c = 14.22 Å
V = 336.6 Å3
2obs - 2calc  0.034° for all observed (obs) and associated calculated (calc) peaks

Good agreement with reported lattice parameters of Fe4Nb2O9 , see e.g.
 number 00-034-0433 in the ICDD PDF 4+ (2018) database which bases
on the reference Nat. Bur. Stand. (U.S.) Monogr. 25 20 /1984) 58
 Ref. [1]
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Thermogravimetry of mingled
starting materials, sintered
polycrystalline rods, and
melt-grown crystalline material ...
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Thermogravimetry of Fe4Nb2Ox under synthetic air 1 / 3
Piece with m = 73.4 mg from the sintered polycrystalline seed rod after the mirror furnace run
If we assume that the mass change m = + 4.35 mg corresponds to an oxidation from Fe4Nb2O9
or Fe4Nb2Ox (Fe 2 + and / or Fe 3 + and Nb 0 as well as Nb 5 + ) to the fully oxidized composition
Fe4Nb2O11 (Fe 3 + and Nb 5 + ), then we obtain x = 8.95 which is close to the ideal value x = 9

Fig. 50

The thermogravimetric analysis was performed with a themogravimetric analyzer
NETZSCH TG 209 F1 Libra which is presented in part 12 of Ref. [5]
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Thermogravimetry of Fe4Nb2Ox under synthetic air 2 / 3
Pulverized crystalline piece with m = 64.9 mg from section C8 of the as-grown material
If we assume that the mass change m = + 3.76 mg corresponds to an oxidation from Fe4Nb2O9
or Fe4Nb2Ox (Fe 2 + and Nb 5 + ) to the fully oxidized composition Fe4Nb2O11 (Fe 3 + and Nb 5 + ),
then we obtain x = 9.00 which corresponds to the ideal value x = 9

Fig. 51

The thermogravimetric analysis was performed with a themogravimetric analyzer
NETZSCH TG 209 F1 Libra which is presented in part 12 of Ref. [5]
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Thermogravimetry of Fe4Nb2Ox under synthetic air 3 / 3
97.1 mg powder of the starting materials mixture  x = 9.00
73.4 mg polycrystalline piece from sintered seed rod after mirror furnace run  x = 8.95
64.9 mg pulverized crystalline material from section C8 of the as-grown sample  x = 9.00

Fig. 52

The thermogravimetric analysis was performed with a themogravimetric analyzer
NETZSCH TG 209 F1 Libra which is presented in part 12 of Ref. [5]
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Magnetic properties of melt-grown
crystalline Fe4Nb2O9 and Mn4Nb2O9
studied by a Quantum Design
SQUID magnetometer MPMS3 ...
The SQUID magnetometer MPMS3
and the preparation of samples for
magnetic measurements is
presented in part 13 of Ref. [5]
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Study of magnetic properties of crystalline Fe4Nb2O9 (814 C8)
by a Quantum Design SQUID magnetometer MPMS3

Fig. 53

Crystalline pieces from
section C8 of the as-grown
crystalline material

1

2

Piece 1 with m = 216 mg
and piece 2 with m = 15 mg
were studied by a SQUID
magnetometer MPMS3
The orientation of the
external magnetic field H
with respect to the sample
is indicated by an arrow
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Study of magnetic properties of crystalline Fe4Nb2O9 (814 C8)
by a Quantum Design SQUID magnetometer MPMS3
Magnetic moment M vs T

B

A

C

measured on 3 Nov 2017

Fig. 54

Antiferromagnetic
transition (A) at
about 40 K ?
Minor
antiferromagnetic
transitions (B, C)
due to small
amount(s) of
additional
phase(s) which
is / are below the
detection limit of
powder x-ray
diffraction ?
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Study of magnetic properties of crystalline Fe4Nb2O9 (814 C8)
by a Quantum Design SQUID magnetometer MPMS3
Magnetic moment M vs T

measured on 3 Nov 2017 and 5 Nov 2017

Fig. 55
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Study of magnetic properties of crystalline Fe4Nb2O9 (814 C8-1
and C8-2) by a Quantum Design SQUID magnetometer MPMS3
Mass susceptibility M / (m H) vs T of two different pieces C8-1 and C8-2
Fig. 56

M vs T measured on 3 Nov 2017 , 5 Nov 2017 , and 10 Nov 2017

Potential reasons why the
curves are different:
 Orientation of the field H
with respect to sample /
crystallographic axes is
different for both samples
 Presence of a small
amount of another phase
which is below the
detection limit of powder
x-ray diffraction
 Size and shape effects
of the samples
 Magnetic history of the
samples
 Deviation between
set and actual field for
low fields like H = 50 G
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Study of magnetic properties of crystalline Mn4Nb2O9 (795 C1) and
Fe4Nb2O9 (814 C8-1 and C8-2) by a SQUID magnetometer MPMS3
Molar susceptibility  vs T of ANb0.5O2.25 = A4Nb2O9 for A = Mn and A = Fe

Mn2+ / 3d5
Fe2+ / 3d6
Nb5+ / 4d0
M vs T measured
on 8 Feb 2017 ,
10 Nov 2017 ,
and 3 Nov 2017

Fig. 57
Note that the scale of both vertical axes differ by a factor of 10
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Study of magnetic properties of crystalline Mn4Nb2O9 (795 C1) and
Fe4Nb2O9 (814 C8-1 and C8-2) by a SQUID magnetometer MPMS3
Inverse molar susceptibility  vs T of ANb0.5O2.25 = A4Nb2O9 for A = Mn and A = Fe

Mn2+ / 3d5
Fe2+ / 3d6
Nb5+ / 4d0
M vs T measured
on 8 Feb 2017 ,
10 Nov 2017 ,
and 3 Nov 2017

Fig. 58
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Study of magnetic properties of crystalline Mn4Nb2O9 (795 C1) and
Fe4Nb2O9 (814 C8-1 and C8-2) by a SQUID magnetometer MPMS3
Inverse molar susceptibility  vs T of ANb0.5O2.25 = A4Nb2O9 for A = Mn and A = Fe
Mn4Nb2O9
displays in
the range
390 - 230 K a
linear CurieWeiss behavior
 - 1 = (T - ) / C
– see Fig. 35
for fit results –
whereas
Fe4Nb2O9
shows a linear
behavior only in
significantly
smaller ranges

Fig. 59
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Study of magnetic properties of crystalline Fe4Nb2O9 (814 C8-2)
by a Quantum Design SQUID magnetometer MPMS3
Inverse molar magnetic susceptibility  vs T of FeNb0.5O2.25 = Fe4Nb2O9
and linear fit from 150 - 50 K to the Curie-Weiss formula  = C / (T - )
For pth and
calculation
of pexp see
Refs. [6] and [7]
Fig. 60

 = - 365 K
indicates an
antiferromagnetic interaction
between the
Fe 2+ ions.
However ...

M vs T measured on 10 Nov 2017
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Study of magnetic properties of crystalline Fe4Nb2O9 (814 C8-2)
by a Quantum Design SQUID magnetometer MPMS3
Inverse molar magnetic susceptibility  vs T of FeNb0.5O2.25 = Fe4Nb2O9
and linear fit from 150 - 50 K to the Curie-Weiss formula  = C / (T - )

Fig. 60

pexp  15 µB is
an unreasonable
large value and
thus the CurieWeiss model
seems to be
inappropriate to
describe (T) of
Fe4Nb2O9

M vs T measured on 10 Nov 2017
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Study of magnetic properties of crystalline Fe4Nb2O9 (814 C8-2)
by a Quantum Design SQUID magnetometer MPMS3
Inverse molar magnetic susceptibility  vs T of FeNb0.5O2.25 = Fe4Nb2O9
and linear fit from 390 - 300 K to the Curie-Weiss formula  = C / (T - )

Fig. 61

pexp = 29 µB and
 = - 1863 K are
unreasonable
large values and
thus the CurieWeiss model
seems to be
inappropriate to
describe (T) of
Fe4Nb2O9

M vs T measured on 10 Nov 2017
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Study of magnetic properties of crystalline Fe4Nb2O9 (814 C8-2)
by a Quantum Design SQUID magnetometer MPMS3
Magnetic moment M vs H at T = 300 K
H: 0  6 T  0  - 6 T  0  6 T  0 in oscillate mode for degaussing

Fig. 62

M vs H measured on 9 Nov 2017

The change of
the slope at
H  0.5 T
indicates a
field-induced
change of the
the spin state
of Fe2+ / 3d6 in
Fe4Nb2O9
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Study of magnetic properties of crystalline Fe4Nb2O9 (814 C8-1)
by a Quantum Design SQUID magnetometer MPMS3
Magnetic moment M vs H at T = 300 K
H: 0  2 T  0  - 2 T  0  2 T  0 in oscillate mode for degaussing

Fig. 63

M vs H measured on 6 Nov 2017

The change of
the slope at
H  0.5 T
indicates a
field-induced
change of the
the spin state
of Fe2+ / 3d6 in
Fe4Nb2O9
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Study of magnetic properties of crystalline Fe4Nb2O9 (814 C8-1)
by a Quantum Design SQUID magnetometer MPMS3
Magnetic moment M vs H at T = 120 K
H: 0  2 T  0  - 2 T  0  2 T  0 in oscillate mode for degaussing

Fig. 64

M vs H measured on 6 Nov 2017

The change of
the slope at
H  0.5 T
indicates a
field-induced
change of the
the spin state
of Fe2+ / 3d6 in
Fe4Nb2O9
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Study of magnetic properties of crystalline Fe4Nb2O9 (814 C8-1)
by a Quantum Design SQUID magnetometer MPMS3
Magnetic moment M vs H at T = 80 K
H: 0  2 T  0  - 2 T  0  2 T  0 in oscillate mode for degaussing

Fig. 65

M vs H measured on 6 Nov 2017

The change of
the slope at
H  0.5 T
indicates a
field-induced
change of the
the spin state
of Fe2+ / 3d6 in
Fe4Nb2O9
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Study of magnetic properties of crystalline Fe4Nb2O9 (814 C8-1)
by a Quantum Design SQUID magnetometer MPMS3
Magnetic moment M vs H at T = 50 K
H: 0  1.7 T  0  - 1.7 T  0  1.7 T  0 in oscillate mode for degaussing

Fig. 66

M vs H measured on 6 Nov 2017

The change of
the slope at
H  0.5 T
indicates a
field-induced
change of the
the spin state
of Fe2+ / 3d6 in
Fe4Nb2O9
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Study of magnetic properties of crystalline Fe4Nb2O9 (814 C8-1)
by a Quantum Design SQUID magnetometer MPMS3
Magnetic moment M vs H at T = 10 K
H: 0  2 T  0  - 2 T  0  2 T  0 in oscillate mode for degaussing

Fig. 67

M vs H measured on 6 Nov 2017

The change of
the slope at
H  0.5 T
indicates a
field-induced
change of the
the spin state
of Fe2+ / 3d6 in
Fe4Nb2O9
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3 cm
Crystal grown by nature - not machined, cut, or polished
Mountain crystal (smoky quartz) from Switzerland
103

Appendix: Some additional slides ...
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The hexagonal crystal structure of Fe4Nb2O9

Fig. 68

Fe
Nb
O
a = b = 5.22 Å
c = 14.25 Å
Space group: 165
Formula units per unit cell: Z = 2
Density: ρ = 5.5 g cm − 3
Phase prototype: Mn4Nb2O9
Image and specifications from Springer Materials  materials.springer.com
http://materials.springer.com/isp/crystallographic/docs/sd_1101795
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The hexagonal crystal structure of Mn4Nb2O9

Mn

Fig. 69

Nb
O

a = b = 5.33 Å
c = 14.31 Å
Space group: 165

Image and specifications from the number 01-075-0523 in the ICDD PDF 4+ (2018) database
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Study of magnetic properties of crystalline Mn4Nb2O9 (795 C1) and
Fe4Nb2O9 (814 C8-1 and C8-2) by a SQUID magnetometer MPMS3
Log-linear plot of the inverse molar susceptibility  vs T
of ANb0.5O2.25 = A4Nb2O9 for A = Mn and A = Fe

Mn2+ / 3d5
Fe2+ / 3d6
Nb5+ / 4d0

Fig. 70

M vs T measured
on 8 Feb 2017 ,
10 Nov 2017 ,
and 3 Nov 2017
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Remaining material of as-grown crystalline Fe4Nb2O9 (814C)
after completing the studies reported in this work

Fig. 71
Picture taken on 8 November 2017
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Remaining material of as-grown crystalline Mn4Nb2O9 (795C)
after completing the studies reported in this work

38 mm

Fig. 72

Picture taken on 8 February 2017
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