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LOW TEMPERATURE ELECTRICAL PROPERTIES OF
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Electrical resistivity and thermcelectric
power measurements have been made on single
crystals of manganese ferrites, Mane3_4O4
(x =0, 0.5, 0.7, 0.8, 0.9 and 0.95 ) in the
temperature range 10 K to 300 K. Below the

Verwey transition T,, of magnetite, the thermo-
electric power is strongly influenced by the
oxygen nonstoichiometry of the samples whereas
the resistivity exhibits hardly any dependeunce
on the changes of the oxygen content. Starting
from the lowest temperatures, the electrical
properties are explained in terms of the im-
purity band, variable range hopping, small
polaron band and small polaron hopping
conduction mechanisms where the long-range and
the short-range orderings have to be taken
into account.

Introduction

Extensive experimental and thecoretical
work have been done to understand the
electronic structure and electrical transport
mechanisms in magnetite (Fe'04) and other
spinel ferrites. Starting with early investi-
gations of Verwey [1,2] who discovered a jump
of two-orders of magnitude of the electrical
resistivity of magnetite at T, =~ 120 K,
a vast number of papers have been devoted to
studying of this first-order structural,
magnetic and electrical phase transition (see
e.g. [2-8]).

In the same time, work on the
properties of the Tsubstituted
i.e. iron-excess mixed ferrites
ferrites [9], manganesc
nickel ferrites [12] etc. was going on,
revealing that the <¢lassical semiconductor
one-electron band picture breaks down. A new
concept.  of more or less localized charge
carricers (small polarons) was developced to
account for the observed electrical, magnetic
and optical properties of monoxides,
sesquioxides and more complex maugnetice oxidic
materials (for reviews see e.g. [13-1561).
Taking into acoount a splitting of the conduc-
tion levels, it was possible to explain a com-
plex behaviour of the thermoelectric power «
near T, in the case of magnetite [16,17].

Howoever, the observed dependences
electrical properties of ferrites at
temperatures revealed early on that the
small polaron picture must be modified
lecast two ways:

a) impurities present in ferritos
introduce band conduction or hopping of charge
carriers which becomes important at low
temperatureas;

electrical
magnetites”,
like cobalt
ferrites {10,117,

of
low
simple
in at

b) corrclation effects must be introduced
into the small polaron theories.
Inn such a way, the behaviocur of the

electrical couductivity and thermopower of the

fluorine substituted magnetite [18)] and the
low temperatuape propertiecs of oickel taerrites
f19] were described. Considering the

The Netherlands

correlation effects of small polarons (leading
to short range ordering) Ihle and Lorenz [20]
were able to explain the conductivity maximum
occurring in magnetite at about 300 K.

In this report, a more detailed
investigation of the electrical resistivity
and thermoelectric power, of several samples of
magnetite is made in order to «clarify the
behaviour of « below T,,. Measurements of
electrical properties of iron-rich mangancse
ferrites give further informations on the
influence of substitutional disorder on the
behaviour of charge carriers.

Experimental part

Single crystals of magnetite and manga-
nese ferrites in the system Mane3,xO4 Were
preparced by the travelling molten zZone
technique as described elsewhere [21]. After
growth the single crystal rods (approx. bmm in
diameter) were additionally heat-treated at
Th=1470 K for 70 hours and slowly cooled to
room temperature in controlled atmospheres, Lo
secure Lhe adjusted oxygen stoichiometry. From
the rods, rectangular samples of 1x5x12 mm
were cut and finely polished. The remaining
parts of the crystals were used for chemical
analysis to determine final contents of
cations and the active oxygen. Results of the
analysis, partial oxygen pressures during
heat-ireatment and crystal axes are listed in
Table 1. It was found that the gradients in
chemical c¢ompositions along or across the
samples were within the error Llimits of
chemical analysis (i.e. 0.02 and 0.002 for x
and y resp.). Electrical contacts were made
by rubbing in an eutectic In-Ga alloy at the
opposite faces of the samples.

Electrical resistivity.

A four point dc potentiometric method was
used to determine the electrical resistivitly

Table 1
Final compositions and treatment conditions
} of MnXFeSRXO4+r
Sample X r log pOgy .
A 0 0.046 ~-6.0 1370 <110
B a 0.008 7.8 142 <1105
(o} 0 0.007 8.3 1420 <110
D Q 0.006 -8. & 1420 <110
E 0 0.005 ~8.8 1420 <110>
¥ o 0.009 -7.8 1400 <110>
G 0 0.004 -10.2 1470 <110
0.5 0.52 0.009 -6 1470 <100~
0.7 0.7 0.009 -8 1470 <10G>
0.8 0,79 . 005 -6 1470 <100
0.9 0.90 0.002 -6 1470 <111>
gL 0 1470

<110>
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of  the low resistive szamples at various
current densit] . Resistances (accearacy
better than 1%) were doetermined at such

current valucs where Ohm’s law was  fulfilled.
At low temperatures when resistances reached
107 Q@ & voltage drop at probes was determined
using & Keithley 640 electrometer with the in

put resistance exceeding 1015 g, At very high
resistances (>1011 Q) a two point method
exploiting a feed-back loocp of the electro-

meter was used.

Bample temperature was varied by means of
a liquid helium continuous-flow cryostat;
temperature control (with accuracy of 0.1 K)
was achieved with a DTC 2 (Oxford instruments)
controller connected to a C.L.T.S. sensor.

Thermoalectric powsr.

To determine the thermoclectric power per
1 K (Seebeck coefficient a) the opposite ends
of the sample were clamped in the arms of the
aluminized sample holder (enabling a good
1hermal contact and securing a high electrical
isolation of sample from the holder). The arms
could be individually heated to establish a
temperature gradients up to 5 K/em along the
sample in both directions. Temperatures of
arms were measured by An+0.03 %Fe vs.chromel
thermocouples and the thermopowers generated
by tewperature gradients were determined by
open input Keithley 640 clectrometer. Slopes
of the thermopowsar va. temperature differences
plots were used to calculate the values of «.

emperature dependences of the electrical
resistivitias of magnetite samples in log
vs. 1/T representation are shown in Figs. 1,2
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It is seen that with the exception of the

highly non-stoichiometric sample A all other
specimens have identical temperature
dependencaes of resistivity down to 10 K.

Although the concept of activation energy has
different meanings in various theories of
transport mechanisms it is worthwhile (for the
sake of comparison and estimation) to define a
conductivity activation energy as

(1) €(eV)=1.895%107%d(loge )/d(1/T)

Values of € as determined for the magnetite
samples Jjust above and just below the Verwey
transition and at 10 K are listed in Table 2.

Table 2
Activation energies for magnetites
(see T

Sample T>Tv) €(T<Tv)
A 0.05 0.12 0.006
B to G Q.05 0.15 0.008
v ¥ T T T T
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Fig. 2. Tewmperature dependences of the
resistivities of magnetites at 10 K to 100 K
sec Table 1 for sample details).

The temperature dependences of the
thermoelectric power for representative
samples of magnetite are depicted in Fig. 3.
Tha other samples display intermediate
behaviour and, to avoid possible confusion,
were not included in Fig.3. A salient feature

is the strong dependence of a below TV

on the heat treatment conditions of samples,
as opposed to the small changes of «a above
T, Wwith « remaining practically constant

up Lo room temperature. The most remarkable is
the behaviour of sample G where a transition
trom n-type Lo p-type conductivity occurs at
1ug K follewed by a maximum at 80 K and
anothor Lransition to n-type at  about 50 K.
Jolow 40 K 11l samples behave in a similar

manncr with a—0 for T—30.
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Temperature dependences of the electrical -2r ¢ 1
resistivities of manganese ferrites are shown N ) ) A L )
in Figs. 4 and 5. At higher temperatures 4 6 8 10 n
(Fig.4), resistivities increase with rising 100/le]
mangancse content while: the activaticn .. . ) R
encrgics € , decrease attaining Lhe miniwum  Fig. Y. Temperature  dependences — of = the
value for x= 0.9 - see table 3. RBelow 100 K eleetrical resistivities of Mn-ferrites in 10

K to 100 K region. The symbols indicale the
various contents of manganese.

(Fig.b) the sequence of re
altered, resulling in a reversed

P with x. The only exceplion 1s x=0.9L . .
sample for which p and € are larger than the In Fig. 6 temperature depundences of  the
values of Lhe other samples down to 15 K. Beebeck cocflficients  of  Mn-ferrites  arc
. ropresented. Starting at  room  temperature  a
i s1ight increase of @ in decreasing
logg - 0 4 temperatures is first observed. In the 150 K
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Discusnion

A number of conduction mechaniams  wer:
suggested to account for the complex boehaviour

of the temperature dependence: of e
electrical resistivity of magnetite. Lu
agreement with other experiments [22,23) our
low temperatures measurements confirm the
importance of the impurity conduction
mechanism. The impurities in the form of
cation vacancies are introduced in magnetite

as a result of the oxygen nonstoichiometry
(see Table 1) acting as donor centres. In
manganese ferrites, the impurity levels are
also formed _by the electrons trapped at
octahedral Mn?’ ion sites or in the
neighbouring iron ions (for discussion of the
trapping centers see [10,11]. The theory of
correlated hopping transport leading to
impurity band conduction {24] yields for the
temperature dependence of  resistivity the
following formula
(2) @ =g, 170
Relation (2) se=ms to be well fulfilled in our
measurements as may be seen on Fig., 7 which
shows the linear depcndence of logf vs. log?
at T < 40 K.
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Fig. 7. Demonstration of the —'F%'Y ooty
for magnetites (full signa ) 7oA Ma Forpeiters
(open signg). The symbols indicate thio varicous
sample compositions.
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Such a  relationship has  also  becwn found
recently  in  nickel ferrous ferrites [19].
Correlated hoppling is also supporied by
measurenants of the thermopower where  al low
temperatures the relation after [2b]

(3) a ~ T/2

seems to be obeyed by magnetite as well as

by Mn-ferrite samples.

T T T T T

12
log 9

[Qem]

10

035 045 050 4 [K%']

law for
indicate

Mott’ s
Symbols

Fig. 8. Demenstration of the
magnetites and Mn-ferrites.

the various sample compositions.

At higher temperatures (T » 40 K ) the
variable range hopping yieldirng the Moti's law
(4) e = Aexp(B/T1/4)
becomes 4 more appropriale descripticn in  Lhe
case of mangancse ferrites as shown on Fig. 8.
I'm magnetite, however, relation (4) seoems  to
be satisfaclorily obeyed only at low
temperaturcs (T < 20 K) and at
temperatures just belew T, (cf. also ([22]),
the intermediate  region heing the most
ditficult to interpret. Let us recall the
complicated behaviour of « for magnetite
samples and  the occeurence of maxima in
Mo-ferrites., The latter are similar to  maxima

enconntoered in
[18] and

flucrine-substituted magonetitos
nicksl ferrites [19] and may boe  scen
as an evidence for the formation of the
Coulomby gap in Lhese materials (sec discussion
e.g. in [51).

The behaviour of
conduclivity

the elactrical
of magnetite above T, hae

b B ssfully explained by the
simultaneom contribution  of  s=mall  poalaron
hopping wud  swall  polaron  band  conduction
taking inlta  account short-range ordering
affects f2nl. The behaviour  of mangancise
torviten  above 100 K. may instead )
itoterprcbod  in the  frame  of  the sradin
wearest pelghboore hopping of small polarons
viang demonslrated carlier [26].
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Conclusions

The conduction mechanism in magnelite and
trog rich manganese ferrites below room
temperature has a rather complex character. At
Low btomperatures (T<40 K), & correlatced many
electron hopping mechanism of localized charge
carricrs predominate with high resistivities,
low activation energies and thermopower
varylng as 1172, At higher temperatures
(40 K < T < 120 K) & variable range hopping
mechanism bocomes important obeying Motti’s law
and  leading to maxima  in  the temperature
dependences of Lhe  thermopower of manganese
ferrites. In magnetite, the thermopower in
this particular region is very sensitive to
the specific dopants, to the degree of ogyxen
stoichionetry and te the conditions of
haeat “treatment. AL the Verwey transition of
magnetite a jump in electrical properties is
caused by the disappearence of the long-range
ordering of charge carriers. A certain degree

of & short-range ordering above T, is
responsible for the cceurence of the
conductivity maximum at about 300 K. The

electrical properties of Mp-ferrites above 100
{ are  cexplalned by nearest-neighbour small
pwlaron hopping.
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HIGH MAGNETIC FIELD STUDY OF THE NORMAL SPINEL anzo4
R. Plumier, M. Sougi
Service de Physique du Solide
et de Résonance Magnétique
CEN-Saclay, 91191 Gif-sur-Yvette cedex France

Abstract

configuration (Fig. 1), a reduction of lengths by about
Detailed magnetization measurements are performed up to 20% of the magnetic moments lengths is taking place for
H = 110 kOe 1in the temperature range 4.2K < T < 70K on both the Mn?' and V®' ions respectively located on the
the ferrimagnetic normal spinel MaV, 0 (T =~ 56K). In tetrahedral (or A) and on the octahedral (or B) sites
the (1,T) plane, all isofield curves display hysteresis of the spinel structure. The transitiom at T = T* was
loops which are located between two temperatures T (H ) then assumedl!d to be a first order one, a character
and T (H ) increasing with H . From these T and T va- confirmed by preliminary magnetization measurements
lues, we derive a (H,T) phase diagram delimitating five which revealed the existence of a magnetic hysteresis
magnetic regions which is in excellent agreement with in the temperature range T* < T < 58K.
the set of isotherm magnetization curves. It is obser-
ved that the T (H) curve intersects the T axis of the Experimental part

(H,T) diagram at T* x> 53K which, in recent neutron dif-
fraction experiments at H = 0,has been shown to be the
temperature of a first order transition from a triangu-
lar magnetic configuration present in ' the tetragonal
lattice to a Néel configuration in the cubic lattice. [:]
It is then assumed that both T (H)and T (H) are first diffraction  experimentst'd. Starting at 4.2K, the
2 a magnetization curves are obtained by 5K steps, whereas

in the temperature range 50K < T < 65K, the experiments
are performed by 0.5K steps. Between every experiment,
the sample is heated up to T = 70K and then slowly
cooled down to the temperature of the experiment. In
. order to detect possible remanence effects, the magne-
Introduction tization curves are first obtained by increasing the
magnetic field H and then by decreasing H (Fig. 2). In

Detailed magnetization neasursments have just been
performed in our laboratory up to H = 110 kOe and at
various temperatures in the range 4.2K < T < 70K on the
same powdered specimen of anzo4 used in the neutron

order transition lines, the increased stability of the
triangular configuration with H being discussed in

terms of a large spin-orbit coupling of the V®' magne-
tic moments.

Recent neutron diffraction experiment:sl-lJ performed

at various temperatures and zero magnetic field have jiLz‘
shown that the normal ferrimagnetic spinel, Mav 0, is 70~ _o~" g31€6
—® p
tetragonal up to T x~ 53K and is cubic at all T > T*. - «° .”/1
* i ! o o~ "505/.
Up to T°, the magnetic structure is found to be a g? ,,-/' .
. . . g . O O o
triangular one with a canting of the V®' magnetic mo- % o« ,/'/— ?"(’
. . - v
ments on the octahedral sites (Fig. 1.a). On the other = /, ./° 57
hand, in the temperature range T' < T < T o o }{—%;’ cﬁf}°
/ o
(T_ « 56K [y, the magnetic structure displays the 60— ¢ / o//‘/ //
simple antiparallel or Néel configuration (Fig. 1.Db). hd 7/ //o d/,
We also observedl!] that up to T = T*, within experi- /4 /P// d o Ht
mental limits, the nuclear cell parameters keep the / S/ O/’ \
same values a = 8.517A, ¢ = 8.448A, the transition to a d /' / °H
cubic cell at T* taking place without sizable volume . 59/ //. 2K
change (aC = 8.4954). At T = T*, we also observed that, so /4 g 2
together with a sudden modification of the wmagnetic Y/ 4// ,b"’o—.
structure which changes from the triangular to the Néel ‘d’
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Fig. 2 : Part of the magnetization curves obtained at
Fig. 1 : Magnetic structures in Mano (a) triangular various temperatures up to H = 110 kOe on both sides of
- 4 .
configuration (b) Néel configuration. T and T . The magnetization curve obtained at T = 4.2K

ray be found in the insert.
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all cases, the temperature resolution is better than
0.05K and the relative errors 1in the magnetization
never exceed 2 x 107%. We have also performed isofield
measurements at eleven fixed H values in the range 1 to
110 k0e (Fig. 3}. In this kind of experiments,the
sample being first heated up to T = 70K is then slowly
cooled down to T = 50K. Definite magnetic fields
H are then applied and the magnetization intensities
are determined by increasing the temperature up to
T = 65K by 0.25K steps. Keeping the same fixed H , the
sample is then cooled down to T = 50K by 0.25K steps,
the magnetization being determined again at all tempe-
ratures. It may be observed (Fig. 3) that in the (M,T)
plane, hysteresis loops are obtained at all H in this
type of experiments. Whereas the width of such loops
keeps the almost fixed value AT ~ 2K whatever Ha’ we
notice (Fig. 3) a slight decrease of the loop surfaces
at increasing H1‘ It is seen in Fig. 3 that, up to

H = 110 kOe, both T (H ) and 'r; (H) values which cor-
i
respond respectively to the smaller and higher tempera-

tures between which the hysteresis is observed are in-
creasing with increasing Hx‘
651 .
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3 Isofield curves obtained at various magnetic
fields showing the existence of hysteresis loops
between T (H ) and T  (H ) values increasing with H .

Fig. 3

Phase diagram

From the experimental T_(H ) and T;(Ht), the (H,T)
diagram depicted on Fig. 4 may then be obtained. We
find that the extrapolated T (H) curve intersects the T
axis of that diagram (Fig. 4) very near the value
T =T at which our previous neutron diffraction
expeviments +] performed at H = 0 have shown the exis-
tence of a first order transition for both the nuclear
and magnetic structures. It may then be assumed that
the Ta(H) curve on Fig. 4 is a first order line along
which the transition from a tetragonal to a cubic cell
starts taking place at finite Hi whereas the T;(H) cur-
ve corresponds to the temperature at which such a tran-
sition 1s fully achieved for all crystallites. Our ex-
periments also confirm that TC (TC ~ 56K [2]) is an
isolated second order transition point in the (H,T)
diagram as it is in the case of a simple ferromagnet.
From the foregoing it may then be inferred that, in ad-

dition to the paramagnetic P phase and the triangular
and Néel ordered magnetic configurations, the (H,T)
plane (Fig. 4) contains two further regions callad I

and II located between the curves T (i) and T;(H).

Region I contains a mixture of triangular and Néel con-
figurations whereas a mixture of triangular configura-
tion and paramagnetic phase P exists in region II. This
(H,T) phase diagram suggests that, in the case of ma-
gnetization curves determined up to H = 110 kOe at de-
finite temperatures, hysteresis effects should only be
expected in the temperature range T* < T < 58K. This
is nicely confirmed by the set of magnetization curves
depicted in Fig. 2. In the case of such experiments
performed at Tf < T < 58K where 'I‘f('l‘f ~ 54.75K) is the

extrapolated value of the T;(H) curve on the T axis
(Fig. 4), a closed hysteresis loop in the (M,H) plane
is expected. Such a loop is indeed observed in the case
of the experiment performed at T = 55.5K (Fig. 2). On
the other hand, in the temperature range T" < T < Tf,
an open loop 1is expected as it is indeed observed in
the case of the experiment performed at T = 53.75K

(Fig. 2).
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Fig. 4 : (H,T) phase diagram obtained from the set of
isofield curves. The triangular and Néel magnetic
configurations are depicted in addition to the
paramagnetic phase P and to the phases I and II
explained in the text.

Discussion

As was mentioned in Ref.[1], the first order transi-
tion observed in MnV O at T* and H = 0 is quite excep-
tional as it takes place at a temperature about 5%
lower than Tc between a triangular magnetic configura-
tion superposed on a tetragonal lattice and a Néel con-
figuration lying on a cubic lattice. The results we are
reporting here reveal that, up to the highest laborato-
ry field of 110 kOe, an important increase of the first
order transition temperature Ta as a function of H is

taking place with ATa/AH ~ 0.032K x kOe™!. Let us note
that the situation existing in anzo4 is distinct from
most first order transitions reported in the past in
magnetic compounds and which take place between an or-
dered magnetic structure and the paramagnetic phase.
Such a behaviour is usually explained by large magneto-
striction effects as it is, for instance, in the case
of the extensively studied Mnasle ], Although the beha-
viour observed in region II (Fig. 4) is somehow remi-
niscent of the observations performed near T, on

MnAs[l], such an explanation based on magnetostriction
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is by no means satisfactory in the case of anzoq. In

particular, it is recalled that the transition at T*
takes place without sizable volume change [‘], a situa-
tion ruling out a possible lowering of the total free
energy tied to a strong dependence of the magnetic ex-
change constants on distance. On the other hand, the
ohserved[‘] reduced value M = 1.34uﬂ at T = 2K for the

§ =1 ion V' points out the important part played by
the spin-orbit coupling in the case of this 3d% ion lo-
cated in the trigonally distorted octahedral B site of
the spinel structure. The importance of this coupling
is also revealed by the large anisotropy field of about

150 kOeL which manisfests itself by the rounded shape
of the magnetization curves (Fig. 2). As these curves
are similar on both sides of T* and TC, it may then be
concluded that cooperative spin-orbit coupling, leading
to an overall tetragonal distortion of the spinel lat-
tice, exists for all crystallites only at T < T8 (H) .
Let us finally point out, as has already been suggested
in Ref.[2], the inapplicability of the Yafet-Kittel
theory '*J for the stability in the spinel structure of
a triangular configuration when large spin-orbit cou-
pling has to be considered in addition to the
Heisenberg antiferromagnetic interactions between A-B
and B-B first nearest neighbours.
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