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Influence of dopants on the properties of maghemite

M R Anantharaman, K A Malint. P D Sindhu. S Sindhu & HV Keer®

Department of Physies. Cochin Universaty of Science & Technology. Cochin 22

‘Department of Chemistry. Indian Institute of Technology, Mumbai 76

Received 24 June 19949 revised 20 September 199Y: aceepled 6 October 994

Preparation of acieular maghemite contiining dopunts like Mg, Niand Gd and their characterisation using difterent analytival
techniques have been reported. These investigations reveal that the addition of dopants like Mg, Ni and Gd modifics the magnetic
properties without effecting any structural changes, The optical bandgaps of these doped compositions have also been

determined. Evidence is also available Trom spectroscopic investigations suggesting that maghemite prepared vin the osalae

precursor route does not exhihit s hyvdrogen fernte structure

I Introduction

Maghemite (y-Fe.0+) and materials derived from y-
FesOq i the acicular form find applications as a mag-
netic storage medium'. About 90 % of audio/video and
computer diskettes employ these needle shaped gamma
ferric oxides either in the particulate or thin film form”,
The y-FesOq is a widely used material for recording
media because it has the ideal combination of hysteresis
loop parumeters such as saturation magnetisation (Ms),
coercivity (He) and squareness ratio (Mr/Ms), [t 1s gen-
crally preferred in the form of acicular single domain
particles . The need for single domain particles is for
obtaining optimum value of coercive force®. The acicu-
lar shape is for better alignment ol particles while on
recording which in turn is related to signal to noise ratio .
Gamma ferric oxide 1s also used as a potential catalyst
m petrochemical industry”. Hence studies relating to
camma ferrie oxide and gamma lerric oxide based ma-
tertals are commercially very important. It has also been
discovered recently that polymer nanocomposites con-
tiining gamma iron oxide exhibit novel properties like
superparamagnetism and are potential materials for
magnetic refrigeration’ .

Gammua ferric oxide is a vacancy ordered spinel hav-
ing the structure Fe “[(Fe ™ )ssa11 104 where the vacan-
cies are exclusively concentrated on the octahedral
sites”. These vacancies give scope for doping gamma
ferric oxide with cations having octahedral site prefer-
ences, thereby leading to modification of magnetic prop-
erties without altering its basic structure. This will lead
(0 thermal stability". There are ulso reports stating that

y-Fe,Oq exhibits a structure similar to hydrogen ferrite
having the formula Feg[HyFe»]Own (Ref. 11). The addi-
tion of dopants into the y-Fe Oy lattice has been known
1o modify the magnetic properties'. Here in this study
pure and doped acicular y-Fe-O: have been prepared
using acicular ferrous oxalate dihydrate precursors’
Dopants like magnesium, nickel and gadolinium were
incorporated in to the lattice. These were then charac-
terised using XRD, UV-VIS-NIR, FTIR and magnetic
measurements, Doping may effect changes in svmmetry
and also on the optical bandgap. Changes if any, intro-
duced by doping can be detected by using spectroscopy
as an analytical tool.

2 Experimental Details
2.1 Synthesis of gamma iron oxide containing dopants
Gamma ferric oxide containing dopants were pre-
pared n the form of acicular particles by emploving
acicular oxalate precursors'’, The oxalate precursors
containing the appropriate dopants were decomposed i
an inert atmosphere contaiming oxygen free nitrogen ul
around 400 °C to vield Fe;Oy which was then carefully
oxidised to doped cammu ferric oxide at around 200 7C.
The preparation scheme is depicted in the form of a flow
chart (Fig. 1),
2.2 Characterisation
2.2.1 Structnral sudies — Powder diffractograms
were recorded on a Philips PW 1140 diffractometer us-
ing Culs,, radiation. The lattice parameters Tor pure and
doped y-FeaO were evaluated assuming cubic symme-
(ry.
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Fig. | — Preparation details of doped aeicular gamma lerric oxide

— The optical mi-
crographs and TEM ol some representative samples
were recorded by using optical microscope (Versamel
2) and TEM (Philips EM 301) respectively.

2.2.3 Magnetisation measurements — Magnetisation
measurements on magnesium and nickel doped samples
were carried out using hysteresis loop tracer (HLT) (Ref.
15). Magnetic properties such as saturation magnetisa-
tion, coercivity and squareness ratio were evaluated by
using HLT.

2.2.4 Spectroscopic studies — UV-VIS-NIR absorp-
tion spectra of pure and doped y-Fe.Oy samples were
charted by using Hitachi UV-VIS-NIR spectrophotome-
ter (model U3410). The optical band gap of these sam-
ples was evaluated from the spectra by noting the
wavelength A, corresponding to the absorption edge.
The energy corresponding to this wavelength was cal-
culated using the formula

.= holh,

FTIR spectra of these samples were also recorded to
find out different IR absorption bands. The spectrum
was charted on a FTIR spectrophotometer (Schimadzu
S101) in the range 1500-400) cm .

3 Results and Discussion

3.1 Structural studies s

X-ray powder diffractograms were recorded for pure
and doped compositions. Lattice parameters for pure
and doped samples were caleulated under the assump-
tion that they crystallize in the spinel structure. The
details are given in Tables 1, 2 and 3 for magnesium,
nicke! and gadolinium doped samples respectively. The
lattice parameters were found to be 0.833nm, 0.830 nm
and 0.832 nm for Mg, Gd and Ni doped samples. It can

Tahle | — Latice parameter. magnetisation dataand optical bundgap
for magnesium doped y-FeaOs samples

Dopant Lattice Saturation  Coercivity — Optical

concentra-  parameler  magnetisa-  Hein A/m o handgap

tion in in nm tion My in ineV

atomic % Am kg

0 (1.834 17 1990} | Bd

| 0.833 84 25950 I.N3

2 (1.833 100 21402 |83

4 (.833 T6 IR30N |85

i (1833 9] 214492 IS8

b (L8334 8l L6716 .84

1) (1833 R0 15920 I R4

16 (L8313 b 15920) 1,84

Tuble 2— Lattice parameter, magnetisation dataand optical bandgap
for nickel doped y-Fea03 samples

Dopant Lattice Sawration  Coercivity — Optical

concentra-  parameler  magnetisabio Hein A/me bandgap i

tion in innm n Myin eV

atomie % Am /Ke

0] (1.834 17 19900 .84

| ().832 83 17910 .83

4 ().832 X 1990 1.72

8 (.832 13 1R30R .72

16 ).834 74 19900 1 83

be seen that doping do not effect any notable change in
lattice parameter. The absence ol any increasing or
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decreasing trend in lattice parameter with increase in
dopant concentration can be attributed to the following.

These cations have the right ionic radii to [ill the
octahedral voids of the spinel lattice. An ideal close
packed structure consisting of rigid ions in the tetrahe-
dral interstices should permit ions with maximum ionic
radii of 0.04 nm and whereas the octahedral ones can
have a maximum radius o 0.073 nm (Refs. 9,16). Since
the 1onic radii of nickel, magnesium and gadolinium are
ereater than 0.04 nm, 1t s right to assume that they
occupy octahedral sites. Normally in order to accommo-
date larger sized jons the lattice should expand. Since
we do not observe any increase in lattice parameter it is
presumed that these 1ons occupy octahedral vacancies.
3.2 Morphological studies

The optical and TEM micrographs of some repre-
sentative samples are shown in Figs 2(a) and 2(b). These

micrographs confirm the acicular nature of the precur-
sors as well as that of maghemite.

Tahle 3 -

Lattice parameter and optical bandgap tor gadolinium
doped y-FeaOy sumples

Dopant concentra-  Lattice parameter Optical

tion in atomic %

innm bandgap in eV
() ().834 1.8
| (1,830 1.03
2 ().834 182
4 ().834 | .4
O (1.832 | (0
b (1,833 | .83

s
b

— (o) Optical micrograph of acicular lerrous oxalate dihydrate precursors:

(h) Transmission clectron micrograph of y-FeaO4y prepared using precursors
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3.3 Magnetic measurements

Saturation magnetisation (Ms) and coercivity (He)
of pure as well as magnesium and nickel doped samples
are histed in Tables 1 and 2 for magnesium and nickel
doped samples respectively. Doped gamma ferric oxide

exhibits higher saturation magnetisation than that of

pure gamma ferric oxide. Theoretically one should ex-
pect o steady merease in Ms with increase in dopant
concentration. The expected gradual increase in My is
not observed probably because due weightage for parti-
cle size effects 1s not given. Moreover, the presence of
superparamagnetic particles even in small quantities can
bring down the saturation magnetisation value consid-
erably. Since the particle size measurements have not
been carried out 1t 1s hard to conclude that only super-
paramagnetic particles are responsible for reduction in
saturation magnetisation. It is also possible that some
amount of alpha 1on oxide s present mn these samples
which is out of the detectable limits of XRD. These
doped simples exhibit a relative increase in saturation
magnetisation with respeet 1o pure y-Fe.O., Sinee the
dopant concentration 1s very small and o thorough
chenmcal analysis 1s not performed on these samples.
these anferences are only tentative, Coercivity (He)
lareely depends on magnetocrystalline anisotropy. and
m this case 1t does not show any specific trend.
34 Spectroscopic studies

Absorption specira were recorded to determine the
influence of dopants on the bundgap of these materials.
From the U'V-VIS-NIR ahsorption spectra the optical
bandgap for pure and doped y-Fe.04 were caleulated and
are histed in Tables 1,2 and 3 for magnesium, nickel and
sadolimum doped samples respectively. The bandgap
caleulation employving the method of absorption edge
myolves an error of < 2 % Tois seen that pure y-Fea().
exhibits o bandgap of 184 eV while doped composi-
tonsexcept 6 % sadolmuom and 4 and 8 % nickel doped
samples have almost the same bandgap as that ol pure
v-lesOr, This gives complementiry evidence to the m-
ference driwn fram the structural characterisation that
no stenificant structural changes are etfected by doping.
Inthe case ol 6 % cadohnmnmand dand 8¢ mickel doped
samiples the bandgap s tound to be Tess thai that of pure
camni lerrie oxide. This may be due o the presence of
alpha terre oxide which may he present i the form ol
Hnpuries,

Spectroscopy has been a valuable tool for detecting
the fundamental vibrations of OH strciching”. This 1s
especially true Tor determining the OH vibratons on

oxide surfaces. Extensive investigations were carried
out on y-Al:O which resemble the structure of y-FesO;
On alumina surfaces three bands are detected i the
range 370010 3800 ¢m ' . However at higher resolutions
5 bands can be observed. The five OH stretching bands
which were observed during dehydroxylation of y-Al-0);
surfaces were attributed to OH groups i distinet lateral
surface environments. Thus the high wave number band
at 3800 em ' was assumed to be characteristic for OH
group with four oxide neitghbours in the surfaces
whereas the lowest band at 3700 cm™' correspond 1o the
OH group that has no oxide neighbours. The other OH
groups which give rise to intermediate wave numbers al
3711, 3744 and 3780 cm " were assumed to be located
at one, two and three nearest neighbour oxide 1ons
respectively. If gamma ferric oxide crystallizes in the
hydrogen ferrite structure as predicted by researchers’”.
then bands due to OH should have been present in the
spectra. We did not detect OH bands in the FTIR spectra.
Qur attempts to detect OH overtones in UV-VIS-NIR
spectra was also in vain, Thus it may be noted that these
conclusions drawn from the structural studies also
points to the formation of a vacancy ordered spincl
structure of gamma ferrie oxide. This feads us to believe
that gamma ferric oxide prepared via the oxalate precur-
sar route has erystallised in the vacancy ordered spinel
structure,

Normally compounds exhibiting spinel structure
should possess four IR active modes leading to four IR
bands in the spectra (Refs 19, 20), In the spinel lattice
every oxygen anion i1s bonded 1o three octahedral and
one tetrahedral cations as shown in Fig. 3, The three
octahedral bonds are perpendicular to cach other and
hence provide an isotronic field. The tetrahedral cation

f—q\'qu

0 ("\/
|
FFig. 3 — Bonding ol the tetrahedral nid octahedeal carione
with oxyeen i the spinel Lanee
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Cyntroduces arestoring force in adirection along C-O
hond and this appears as stretching vibration of the
tetrahedral group. Considering the vibration of oxygen
atom at right angles with the preceding one this restoring
force due to tetrahedral cation Cy will be neghgible. This
leads to v mode which can be considered as the stretch-
g vibration of the octahedral group. Two other modes
veand vy are related to the displacement of cations in the
lattice.

FTIR spectra of the pure as well as doped gamma
ferric oxide were charted in the range 1500-400cm ' and
a representative spectrum s shown in Fig. 4. Bands
characteristics ol these sumples were obtained in the
range 700-400 cm ', Peaks were obtained at around 630,
555 and 443 cm ', Bands at 636 and 555 cm ' may be
assigned to the stretching vibrations of tetrahedral and
octiahedral groups respectively, The bands related to vy
and vy can be assigned to the motion of Fe'™* ions to the
teteahedral sites against those at the octahedral sites und
the O-Fe-O bonding mode of the tetrahedral to octahe-
dral mode respectively. These bands are reported to be
at 268 and 178 em ' which could not be detected be-
cause of the instrument limitations. The band at around
440 em " may be assigned to the alpha phase of iron
axide that may be present in the sample. However dis-
crepancy exists i the 4 and 8 % nickel doped samples.
which may be due 1o impurities present i minute

amounts.,
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4 Conclusion

The present studies conducted on doped gamma rron
oxide indicate that saturation magnetisation (Ms) can be
maodified by an appropriate choice of cations, The ad-
vantage of employing oxalate precursor route 1s that
doped oxides can be prepared in the acicular form. It can
be concluded that spectroscopic studies can be used
conjunction with X-ray diffraction for evaluating the
role of dopants and its effect, i any on the crystal
structure, Though literature reports on the y-Fe O are
varied our investigations indicate that 1 crystallises in
the vacancy ordered spinel structure,
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