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Abstract 

Hagnetoelectric (HE) effect in two oxides was investigated. 

One was an antiferromagnet, Cr
2

0
3

, and the other was a ferrimagnet 

To study atomic mechanisms, electric shift of the antiferro-
, 

magnetic resonance (AFMR) as well as precise measurements of the 

}m effect was performed in Cr203 • The use of a SQUID magnetometer 

in a measurement of }lli susceptibilities (a) of Cr20
3 

from 1.6 to 

270 K was reported. The sensitivity of the magnetometer was about 

-8 10 emu. A static measurement sweeping the applied electric field 

provided an easy method to confirm the sign and the linearity of 

the response. The characterizing values of a were determined and 

og at 4.2 K was deduced from a1/ 4 ,2K: og = - 3.5 x 10-8 at E = 

1 kV/cm after the parallel ME cooling. An unusual temperature 

dependence of a discovered in a crystal was also reported. 

The shift caused by the electric field parallel to the ~ axis in 

the AFMR of Cr20
3 

was successfully carried out at 4.2 K by the use 

of ac electric field modulation method at the frequency of 24.2 GHz 

(low frequency mode), oD was evaluated as - 1.1 x 10-6 cm-l at E 

1 kV/cm. This magnitude was about 1/10 of that of Cr3+ in ruby. 

ME effect at 77 K confirmed that the magnetic crystal symmetry 

of the low temperature phase of Fe
3

0
4 

is triclinic but the breaking 

of the mirror symmetry parallel to the (110) plane is very small. 

Anisotropy and external magnetic field dependence of the ME effect 

in Fe
3

0
4 

was measured and analyzed. It was disclosed that the 

tilting of the magnetization, due to the change of the magnetic 

anisotropy by the application of the electric field, is a dominant 
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mecilanism, though the existence of the non-tilting mechanism could 

not be excluded. The main part of the magnetic anisotropy accompanied 

by electric polarization, which has mirror symmetry parallel to 

the E.. plane, was analyzed by spherical harmoni.cs up to the fourth 

order •. This polarization dependent. part was much smaller than 

the total magnetic anisotropy energy. Direction of the spontaneous 

electric polarization was estimated as - 15° from [111] or + 19° 

from [112] within the" E.. plane. Dispersion of the ME effect, relax-

ation time of which was approximately 2 ~sec, and the anisotropy 

in the efficiency of the ~irection of applied electric field was 

discovered and was attributed to the dispersion and the anisotropy 

of the electric susceptibility, on a preliminary measurement of 

tile electric susceptibility. The structure of the lm-l temperature 

phase was discussed briefly in connection with the model proposed 

by Hizoguchi. 



J 
J 

CHAPTER 1 

§ 1-1 

§ 1-2 

§ 1-3 

§ 1-4 

§ 1-5 

CHAPTER 2 

§ 2-1 

§ 2-2 

CONTENTS 

INTRODUCTION 

Thermodynamic Potential and Magnetic Symmetry 

Experimental Method of the ME Effect Measurement 

Mechanisms of ME Effect, in Special Reference to 

Cr203 
Possible Applications of NE Effect· 

Construction of this paper 

EXPERU1ENTS ON THE HAGNETOELECTRIC EFFECT 

OF Cr20
3 

Introduction 

Precise Measurement of HE Susceptibility by the 

Use of SQUID Magnetometer 

2-2-1 Experimental procedures 

2-2-2 Specimens 

2-2-3. Results 

2-2-4 Discussion 

§ 2-3 Electric Shift in the Antiferromagnetic Resonance 

2-3-1 Effect of the electric field on the antiferro-

2-3-2 

2-3-3 

CHAPTER 3 

§ 3-1 

§ 3-2 

3-2-1 

3-2-2 

3-2-3 

3-2-4 

magnetic resonance 

Experimental 

Discussion 

EXPERIMENTS ON THE MAGNETOELECTRIC EFFECT 

l.N THE Lmv TEHPERATURE PHASE OF Fe
3

0
4 

Introduction 

Experimental Procedures 

Crystal 

Apparatus 

Neasurement of HE effect 

Heasurement of electric susceptibility 

iii 

1 

4 

8 

11 

14 

15 

19 

20 

24 

24 

28 

20 

31 

42 

42 

45 

49 

52 

53 

59 

59 

62 

64 

67 



r 

. r 

I 

J 

§ 3-3 Experimental Results 

3-3-1 Experiments on the crystal symmetry 

3-3-2 Anisotropy of ME effect 

3-3-3 Relaxation of ME effect 

3-3-4 Electric susceptibility 

§ 3-4 Discussion 

3-4-1 Electric field dependence of the magnetic 

69 

69 

77 

90 

91 

95 

anisotropy 95 

3-4-2 Low temperature phase of Fe
3

0
4 

and the character 

of phase transition 100 

CHAPTER 4 SUMMARY 106 

ACKNOHLEDGEMENTS 110 

iv 



, I 

r 

J 

CHAPTER 1 INTRODUCTION 

Classification of the 122 Shubnikov groups 
" 1. typ ,,17) according to magnetoe ectr~c es 

T, pe of ordmn, I htmincd tenns or 

MaiM'tC: I Electric' stored (tee enthaJpy 

Shuhnikov poin. JTOUPS 

Y.pcrmined 

D , 
,ff , 
R , 
M , 
M , 
M , 
M 0 

IJ , 
R , 
IJ , 
Si 0 

Si I' 

,ff , 
D I' 

R 0 

D I' 

Si I' 

D 0 

CHH 

I C HEC CHH 6',6'.,,,,. 

I £ EH HE£ EHH 4'.4''''trr' 

£ H EH HEE EHH :i~'~~!l: ,]"'".4M'",".6m"",' 

H CH HCC EHH ~.~!' .. ' 

H HEC CHH ~.&nt'r 

H HCC ru.[3.~ . k .. '-"';,e:m, 
4:",,,,',,,'. J. lM", 6:",. 6:mm"",' 

CH HCC£HH 222. 4!! • .1!nt. ,,'U',.1'2,m". 
32. 6:!.!,. 5',,{l. :!l. ;J'W 

CH 

H£C CHH ~ ... ~6'r2, 

HCE 

m'M'".", 4':rtf."':",'m'",. 4:",· .. ·",·. t" 2.'m". 2';",. mm",","!"". 
l°In",6'/rJ'M'",".4)1,,,,"J.,,,·W .. :",'mln.]',]'",.6'",',61. __ 

mm,". Co:".. "m,"~ "!trunni'. 6,''''mnr 

3,", 6°r",", "jn(",'M. ",1. mlm' 

EHH --------------------------- --------------------------------------2221', Jr", .. !2I·.~:!Mt·.'nl·. 
nI', ~1·.&nt21·, 2JI',~lml' 

ml ... 
--------------------------- ---------~---------------------------e32I' 

T;·~2~,;;I-:.-;",-,;1~;.~t~;;;;i·;1i~i;J:-
6;'".1', 6'~I·.'"'J·.ml.,l .. 

o -y.'cak (ct'f'OfrU;'ytism- (Oziatoshimtl' un)" pc:rmiuM. corrcsponc!in,5.'lubnil.O¥ aroups 
cfctetmiMd b7 Tavpr· (ornnrf, unla.r.iaI anriftn'omav.ets. " 

'--I 
!. _.J ~·m rerroclc&:tridty- pcrr:Uned. 

T)'Peol'ordcr: J.I- Pl'~. r:rr>.orrurimaJl'C'lc: p ... pyro-. (CfTo--. or IC'I'ricJec1ric:: .(1. anlirm"OfTlJgnctK:;". antiferr«lcctriccworthoeJectric:" 
D - dia!'IUtnetic. or panm.aJt')e1K:. or anlj(crTOfr~iM'lic: 0 - orthod«tric:. M pat'311:fcc:uic:. or antifcrroc1cctric:. 
Y. - inva:i.ant YCJocifJ' \'CC1or .... •n 

H: s~ rnasnetizatioft permill(d; E: SponlancOUS pob.ri;r::Ilion permitted; EH: linear maplCtoclectJ'kdl"ecl pr:nnitkd; EHH: second-or~~ 
lNJ1'C1oelccl~ crYca 0) 'par-.uNlneloclec1riC' elfecti.·- Jl'GocJec1:riciry. Pockck d!ect.. erc .• pcnniuect (see Table JI); H CC: ~nd.~rder 
lNJS"C1oe~ ~CCI 01. pinornaptCli1.rft., -Mof;lr.cb- cft'CllCl.u ctc... permitted (weT.We I). 
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Electric and magnetic response of materials have been main 

problems in solid state physics and substances wi~h spontaneous 

magnetic or electric polarization have been providing most usefull 

materials. Generally speaking, magnetic and electric polarization 

in a solid are considered to be independent: magnetic moment is a 

"function of only a magnetic field and electric polarization is that 

of an electric field. In other words, the categories of ferro-

magnets an"d ferroe1ectrics were regarded as independent one and 

did not overlap. The interaction between the magnetic"moment and 

the electric polarization, however, eXists in some materials. In 

such materials, the magnetization can be induced by the electric 

field and electric polarization can be induced by the magnetic 

field. These phenomena are called magneto electric (ME ) effect. 

Possibility of the linear }ffi effect, an appe~rance of the polari-
" " 

zation proportional to the applied field, was propo.sed already in 

1894, though the existence of this effect in a magnetically disor­

dered material was rejected by Van Vleck in 1932.1 ) The first 

correct" prediction of linear }ffi effect was made in 1957 by Landau 

and Lifshitz2) on the symmetry consideration for magnetically 

ordered crystals. Antiferromagnetic Cr
2

0
3 

was proposed as a candi­

date by Dzyaloshinski3) in 1959 and was really observed by"Astrov
4

) 

and Folen et al. 5) in 1960. Since then, more than 30 materials have 

been found to show the linear ME effect. In recent years, higher 

order effect, quadratic in the electric and/or magnetic field, 

were discovered. 

( 2 ) 
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These effects depend on the magnetic symmetry of the crystal, 

which also affects other physical phenomena. The' importance. 

of I, inversion of space, in the dielectric properties of solid" 

is well known. If a crystal has I as a symmetry element, the 

crystal can neither be pyroelectric nor piezoelectric. In the 

magnetic phenomena, there is another important symmetry op~rator, 

R, which expresses time reversal or the reversal of magnetization 

and magnetic field. The point group of the magnetic crys~al should 

be augumented by this operator and be extended. 

In this chapter,outline of the investigations on the ME effect 

is given and the purpose of the present study is described. 

( 3 ) 
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§ 1-1. Thermodynamic Potential. and Magnetic Symmetry 

In their famous text book,Landau and Lifshitz2) discussed 

the theroodynamic potential of a material placed in uniform 

fields from the stand point of the symmetry of the crystal. 

~ -~ 

trnen the external electric and the:m?gnetic fields (E and H) are 

not too strong and there are no spontaneous polarizations, free· 

~ ~ 

energy (F) of the material can be expanded in E and H as 

F=F +1fE 
o 

1 
=.- -2 e: •• Ei.E• 
- ~J J 

- Cl •• E.H
j 1J ~ 

+ •••••• 

1 --x HR + ..... . 
2 ij i j 

S'·kH.E.Ek - y··kE.H.H.. .:.. Cl··k_E.E.RHl 1J ~ J 1J 1 J-K, . 1J r~ J-K, 

(1-1) 

-+­
Here, F is the part of the free energy without cross terms of E 

o 
-+-. JIE 

and Hand Y is the part of cross terms. Electric polarization 

~) ~ / ~ . (+M) (P is deduced by the relation P = - aF aE and magnetization 

-+- -+-
is deduced from M = - aF/aH. 

P. = E •• E. + a. •. H. 
1 1J J 1J J + S'.kH. R + y··kH.lL + 1J J~ 1J J-K, 

M. = x .. H. + a.i.E. 
1 1J J J J 

+ S .. kE.Ek + Y .. kE.H.. + 1J J l-J J-K, 

... 
. . 

(1-2a) 

(1-2b) 

Here, e:ij is the electric and Xij is the magnetic susceptibili.ty 

tensor. Cl.. is the linear ME susceptibility tensor, B •• k and y .. k 
1J 1J . 1J 

are the second order HE susceptibility tensors and Cl. 'kl is 
. ~J 

the third order ME susceptibility. The problem is the property of 

these tensors which determines the ME response of the material. 

Physical properties of the crystal are closely related to the 

symmetry of it. The response to the applied uniform field, or the 

form of susceptibility tensors,is determined by the point symmetry 

( 4 ) 
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of the crystal. Consider the case of the linear response, for a 

tiEe. A property tensor (A) expresses the relation between a physi-

-+ -+ 
cal quantity (Y) and an applied field (X): 

(1-3) 

When the crystal has a symmetry operator U, eq.(1-3) must be invariant 

to the operation, 

U --y = A. ( u.x ) _ = u· ( A -x ). (1-4) 

Then, 

- -1 -A = U .A-U. (1-5) 

This condition should be satisfied for all the symmetry operators. 

- -+ . 
In the case of the ME effect, it should be noted that Y is an 

• -+ aXlal vector when X is a polar vector or vice versa. Inversion I 

and time reversal R play special role in such a case. According 

to eq.(1-2), the linear ME effect is expressed as 

P. = a .. H. 
~ ~J J' 

M. = a .. E. 
~ ~J J , 

and 

i) . when R is a symmetry element of the crystal_, 

-+ -+ 
R E = E, 

-+ -+ 
R M = - M, 

-and- eq. (1-4)' leads to 

( 5 ) 

(1-6a) 

(1-6b) 
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-)- -)- -)-

-H=CtE (=H). 

Then, Ct = - a, and CL :: 0: no linear HE effect is expected in 

paranagnetic or diamagnetic materials.·. This was the. point . 

made by Van Vleck. 

ii) When I is a sym::netry element of the crystal, 

-)- -+-
I H = M. 

and eq.(l-4) leads to 

-)- -+ -)-
H = - CtE (= CLE ). 

Then, a = - a, and a :: 0: a crystal ~th inversion can not 

sho';o1 the linear HE effect. It is noted that the magnetic 

material with the spontaneous magnetization and linear HE 

effect can not possess inversion as a crystal synnnetry.6) 

The symmetry of property tensors of materials is determined 

by the point group of the crystal •. There are 32 classical crystal 

classes augmented by 90 magnetic crystal classes:. 122 crystar classes 

in total. 7) It was verified that linear HE effect exists in 58 of 

90 magnetic crystal classes and their tensor form were divided into 

11 different types. 6) They are shown in Table 1-1 with examples. 

About thirty materials have been found to sho~y the linear ME effect. 

The list of them was given in several review articles.6 ,8,9) 

Naturally, crystals with the same atomic structure can be dif-

ferent in the }ffi properties when the magnetic structure is different. 

st~cture but are different in magnetic structure. 

( 6 ) 
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Table 1-1. Magnetic crystal class and ME tensor a with an example. 

Hagnetic crystal class ME tensor Example Symmetry 

-
all a12 a13 -

I' 10) 
l~ a21 a22 a23 Fe304- - 1 

a31 a32 a33 

all a12 0 
Dyoonll) t- - 5 2, m' 2/ra' a21 a22 0 2/m' a :: 9.8 x lO-

O 0 a33-
p 

0 0 a13 
ErOOH12) a t= 4.5 x 10-4 2' ra, 2' Ira 0 0 Ci23 2'/m , 

p 
a31 a32 0 

all 0 0 13) -3 222, m'm'2, m'm'm' 0 a22 0 Tb A1. ° 3 m'm!m' all= -2.2 x 10 
0 0 a33 

* 0 0 0 
LiFePO 1.4)m'mm 1..0 x 10-4 22' 2' , mm2 

~ m'm2' ~ ra'mm 0 0 a23 a32== 
0 a32 0 

4 _ . 

4, 4', 4/m' , 3~ 3' , 6, 6, all a12 0 
6/m' -a12 all 0 

0 0 a33 

all a12 0 
4' 4, 4'/m' a12-a 11 0 ~ 

0 0 0 

422~ 4m'm' 4'2m' 4m'm'm' , all 0 0 15) 
1.2 x 10-4 -' . 

, 
3'm' 32, 3m' , 3 'm' ~ 622, 6m'm' , 0 all 0 Cr

2
0

3 a33= 
6'm'2 6/m'm'm' 0 0 a33 , 

4'22, 4mm' , 4~m, 42 'm' , a11 0 0 16) . -3 
4'/m'mm' o ":a11 0 DyP0

4 
. 4'/m'mm' all= 1..2 x 10 

0 0 0 

42'2', 4~,4'2'm, 4/m'mm, 0 a12 0 
32', 3m, 3'ra, 62'2, 6mm, -a12 0 0 
6'm2' 6/m'mm 0 0 0 , 

- a11 0 0 
2m, m' 3, 432, 4'3m' : m'3m' 0 all 0 

0 0 all 

. * a12 and a2i are non-vanishing elements instead of a23 and a32. 

t a is the value measured for a polycrystalline sample. 
p 

( 7 ) 
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Cr203 has IR, aFe203 has I and a~203 has I and R as the symmetry 

operation and o~~y Cr203 shows the linear }lli effect in the antiferro-· 

magnetic state. Even in a crystal of high symmetry in its atomic 
, 

structure, ME effect can exist wben the symmetry of its magnetic· 

structure is low. Naterials with triangular or conical spin structure 

such as CuCr
2
0

4 
or MnCr204 are expected to be ME materials. It 

is also to be noted that the magnetic symmetry of a ferromagnet 

is dependent on the spin axis which can be changed by the external 

magnetic field (see chapter 3). 

The same sort of considerations can be adopted to the higher 

order }m effect, corresponding to the terms ~HEE, ~kHH or aEEHH in 

17) 
eq.(1-1). If R exists, all elements of tensor S·must be zero 

and if I exists, all elements of tensor y must be zero. On· the 

contrary, tensor a exists in all cases but the magnitude is not 

detectable, in usual cases. lVhen the crystal is spontaneously 

polarized, electric or magnetic, the crystal lacks I or R. The 

second order HE effect was really observed in such cases: e was .. 

found in the garnet family18) (YIG·, ~9) GdIG, 20) DyIG2~» and ~ was· 

found in the piezoelectric paramagnetic crystal NiS0406H20.22) 

§ 1-2. Experimental method of the ME effect measurement. 

From eq. (1-2) , it is clear that there are two alternative ways 

to determine the ME susceptibility tensor •. In one way, the magnet i-

zation induced by the applied electric field is detected. In the other 

way, the electric polarization induced by the applied magnetic field is 

detected. In practice, the magnitude of the signal is so small that 

( 8 ) 
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high sensitive detector and/or high applied field is necessary. 

Tne magnitude of a is typically in the order of lO-3~ 10-6 in Gauss 

unit. (See Table I-I.) (In Gauss unit, a is expressed by a dimen-

sionless number.) Practically, measuring method of the linear ME 

effect may be· divided. into three groups. 
I .. _... _ 

a) ac method: induced magnetization4 ,5) or electric polarization 23), 

by applied ac field i.s detected as output of a pick up coil 

or of electrodes. The frequency of the applied field is usually 

l~lOOkHz. The signal increases proportionally to the frequency, 

setting the lower limit of 00, but the spurious output leaked 

directly from input to the pick up system is proportional to 

00 2 24) ~nd sets the higher limit of 00, though much effort 
.. 

have been attempted to suppress the coupling. Lock-in ampli~ier 

is usually used to eliminate the noise. 

b) dc method; induced polarization.by statically applied field 

is det~~ted by a high sensitive magnetometer (astatic magneto-

25) 26) . 27)' 
meter or SQUID magnetometer ) or an elect·rometer. : 

Back ground leakage is negligible in this case but the output 

is so small that the high applied field and the high sensitivity 

of the detector are necessary. Available magnetic field is 

much higher than the electric field and, in this sense, the 

detection of the electric polarization' due to the applied mag-

netic field is easier, if the input impedance of the detector is 

high enough. However, the static measurement of absolute value 

of the electric polarization is not easy. Precise'measurement 

is not expected when the resistivity of the sample is not high. 

On the other hand, .the electrometer must have higher impedance 

( 9) 
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c) 

than the resistance of the sample. 

Pulse method: induced polarization by pulsed field is 

28) : 
detected. 

It is to be noted that the measurement of the absolute value of 

a, or the calibration of the detecting system, _is much easier for 

the maguetic detection than the electric detection. 

The ·higher order NE effect can be measured similarly to the 

linear effect by superposing dc biasing field, E or H , and ac 
o 0 

modulating field, Elsinwt or Hlsinwt. The output at the frequency 

"- 18 22) 
w was proport~onal to E El or H lL. ~ _ Another way is to meas- " 

- 0 o-~ 

ure the ~gnetic field dependence of the electric field susceptibility 

(for D)· 19) or the 1 ri f" ld d d f h " ~ e ect c ~e epen ence 0 t e magnetJ.c suscep-

tibility (for y). Since the term eHEE (yEHH) is quadratic in the 

electric (magnetic) field, 28H (2yE) corresporids to the electric 

(magnetic) susceptibility. 

In Fe304 , the third order effect, aEEHH,was -detected'-by' meas­

uring the magnetic field dependence of the electric susceptibility (e) , 

e was dependent on the direction of the magnetization, but the 

reversal of the magnetic field, thus the magnetization, resulted 

in little difference of i indicating that the effect is not due to 

the eHEE term but due to the aEEHH term. (See Chap. 3.) 

It should be noted here that the sign of the ME effect linear-

in E-orH is dependent on the direction of the electric or magnetic 

polarization. The direction of polarizations should be determined 

before the experiment. If there are equal amount of domains with 

opposite direction of polarization, }ffi effect is not detectable. 

In the case of Cr
2

0
3 

where IR is asymmetry element and there is 

( 10 ) 
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no electric or magnetic polarization, the situation is a little 

different. In this case, a~ antiferr?magnetic sublattice composes 

of one atomic site which shifts up or down along the c axis 

from the center of surrounding anions. (See Sec. 1-3.) 

The sign of the }m effect depends on the correspondence 

of these two kinds of sublattices and HE cooling, i.e., 

the simultaneous application of electric and magnetic field as the 

29,30) 
material is cooled through its Nee~ temperature TN, is neces-

sary and effective to make a single domain crystal. In the course 

of }m cooling, one domain will have a lower energy than the other 

according to the direction of the electric and magnetic fields. 

In the case of Fe
3

0
4

, a ferroelectric ferromagnet, both electric 

and magnetic polarizations exist. If the directions of two polar-

izations are not determined, detected HE. signal can. not be repro­

ducible .10) The interrelation of tlvO polarizations· should be con": 

sidered to make a crystal of single domain. 

§ 1-3. Mechanisms of ME effect, in special reference to Cr203 • 

The first proposal of an atomic mechanism..of ME effect"was·" 

31) made byRado for Cr
2
0

3
• Cr

2
03 crystallizes in the cOnL~dum 

structure. In this crystal, the point symmetry of a cation site 

is C3 and the crystalline field has odd part along the c axis. There 

are two kinds of cation sites which are interchanged by an inversion. 

Each cation site composes antiferromagnetic sublatticeand IR, not 

I, becomes a symmetry operation in the antiferromagnetic state. 

By the application of an external electric field along the c axis, 

cations in one sublattice is shifted to enhance the crystalline 

( 11 ) 



field but it is reduced in the other sublattice and two sub lattices 

become inequivalent. Rado pointed out that by such a shift of 

cations one-ion anisotropy constant D in one and the other sublattices 

increases and decreases, respectively, proportional to the applied 

field and resulted in the difference in the magnitude of two sub-

lattice magnetizations. When the·electric field is applied perpen-

dicular to the c axis, axes of the crystalline f~eld aretil~ed 

because of the odd part along the c axis. The tilting is in opposite 

sense for each antiferromagnetic sublattice. Thus, the easy axis 

of the·spins is tilted from the c axis, in opposite sense for each 

sublattice, and total magnetic moment appears alon~ the applied 

field. On the contrary to Cr203 , a Fe20
3 

has equal number of two 

kinds of cation.sites in one antiferromagnetic sublattice. The' 

effect of electric field is canceled out. 

~Rad032) has calculated the effect of changes in the anisotropy 

constant on the molecular field approximation and explained the 

temperature dependence of all-and a33 qualitatively except for the 

nonvanishing of a33 at low temperatures. 

Quantitatively, however, so large electric field dependence 

of D is not expected as is necessary for Rado's theory to account 

for observed a. This was suggested by Date et al. 33) as they .could 

riot observe electric field shift of EPRline of cr3~ in ruby. 

Instead of D, Date et al. proposed the electric field dependence 

of the intrasublattice exchange interaction (J) as the origin of 

the parallel effect at finite temperatures. HOlvever, this mechanism 

does not give any contribution to the perpendicular effect and can 

( 12 ) 



not interprete the nonvanishing of Cl33 at 0 KelviI?-. To explain the 

latter point~ Alexander and Shtrikman34) proposed another me ch a-

nism~ electric field dependence of the g factor. 

As for the perpendicular case~ another mechanism was postulated 

by Hornreich and Shtrik~an. 35) As the sy~etry of Cr203 is lowered 

by the application of the electric field perpendicular to the £ 

axis ~ antisymmetric exchange interaction can appear and spin canting 

results the total magnetic moment along the electric field. 

Of these mechanisms, Hornreich and· Shtrikman claimed for the 

parallel case of Cr
2

0
3 

that the ~lectric field inducedg shift is 

dominant at low temperatures and electric field dependence of the 

intrasublattice exchange is dominant at high temperatures and that 

of the one-ion anisotropy constant is dominant for perpendicular case. 

They calculated Cl and x~ the magnetic susceptibility~ on the molecular 

field approximation. In the expression of Cl~ the part equivalent 

to·X was substituted by the experimental results36) and the temper-

ature dependence of Cl was obtained. Above conclusion based on the 

comparison of the shape of th;is temperature dependence ~vith the 

experiment. 

Their argument was inevitably qualitative, and quantitative 

evaluation of each mechanism is impossible. If the electric field 

dependences.of these.parameters are temperature dependent~nothing 

can be concluded from the temperature dependence of ~. 

Comparison lvith th~.·data on ruby can not be definitive, too. 

Parameters can be different about one order of magnitude for 

An example is the anisotropy constant D. 37) 

( 13 ) 
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To go one step further, some new experiments are necessary 

which make possible the separation of the contributions of each 

mechanis~ at any temperature. 

§ 1-4. Possible applications of HE effect. 

As mentioned § 1-1, NE susceptibility is closely connected 

to the magnetic symmetry of the crystal, which is determined by the 

spin -structure. So, NE effect can be used 

(i) to .decide the magnetic crystal class of materials. Form of 

ME susceptibility tensor restricts possible magnetic crystal 

classes (see Table I-I). The case of GdAlOj38) was an example. 

In some cases, appearance of an element of the }IE susceptibility 

tensor is the easiest way to detect the change of magnetic symmetry 

and thus HE effect can be used 

(ii) to determine the magnetic transition point. The Neel point 

of Ge}fno
3

39) and the pressure dependence of TN of cr
2

0
3
40) 

- lo:ere determined by ME effect. Spin flipping was observed 

t~rough ME effect in DyP04
4i) and cr

2
0
3

•23) 

Near these transition points, HE effect can provide 

(iii) a ne~v critical exponent of the spin system. - It has been 

found that the temperature dependence ofa just below TN is 

h h f h bl · • .• 42,43) t e same as t at 0 t e su att~ce magnet~zat~on. _ 

(iv) If contributions of each mechanism are deteimined, ME effect 

provides new information on the electronic structure of 

transition metal ions, though interpretation of parameters 
- -

might be rather difficult. One interesting possibility 

( 14 ) 
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(v) 

that was suggested for Cr
2

0
3 

is the investigation of the 

structure of the impurity state by the ME effect. An anoma-

10us temperature dependence was discovered in one crystal 

of Cr203 below 4.2 K. (See Sec. 2-2.) 

Applications of the ME effect as devices8) such as gyrator, 

magnetic sensor, read only memory, etc., have been proposed 

but not realized yet, because of small ME susceptibility 

and the low TN of ME materials discovered so far. 

1-5. Construction of this paper. 

The purpose of the present investigation is to study the ME 

effect of two magnetic oxides. Studies on the ME effect of Cr
2

0
3 

is described in Chap. 2 and that of Fe
3

0
4 

is presented in Chap. 3. 

}ffi effect have been most extensively investigated so far in 

Cr20
3

, experimentally and theoretically. However, since experimental 

results so far obtained were only the temperature dependence of a, 

contributions of machanisms have not been evaluated experimentally. 

Noreover, there are some doubt on the reported absolute value of a. 

In Chap. 2, precise static measurement of a by the use of SQUID 

magnetometer is reported in Sec •. 2-2. Sec. 2-3 gives description 

of the electric shift of the antiferromagnetic resonance and pro-

poses an experimental method to separate contributions of respective 

mechanisms. Though the experiment has been carried out so far only 

at 24 GHz, electric field dependence of g and D was determined 

at 4.2 K. 

Studies on the }m effect of Fe
3

0
4 

are presented in Chap. 3. 

It is well known that first order transition occurs in Fe
3

04 at 

( 15 ) 
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124 K. Charges of Fe ions inB site of spinel structure order at 

this temperature. Important role of .phonons was pointed out recently. 

Hmvever, the situation is complicated and even the magnetic synnnetry 

of low temperature phase has not been determined. In Sec. 3-2~ 

determination of the magnetic symmetry of Fe
3

0
4 

at 77 K from ME 

effect was described. Dependence of ME effect on the direction of 

the magnetization was measured and analysed :i,.p. Sec. 3-3 and.the 

electric field dependence of the magnetic anisotropy was determined. 

( l6 ) 
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§ 2-1 Introduction 

Cr20
3 

was the first ME ~ateria1 pointed out by Dzya1oshinski,1) 

soon after the prediction of ME effect by Landau and Lifshitz. 2) 

Since then, many experimental and theoretical studies have been 

3-10) reported. . 

The crystal structure is corundum type and the antiferromag-

ne tic state is realized be10wTN = 307 K. Spins are parallel to 

the £ axis of the crystal and the magnetic symmetry is 3'm' = 

{E, C3 , U2 , IR, S6R, 0dR}. In this case, only thebi1inear effect· 

is ~11owed and, if the biquadFatic effect is neglected, the fol1ow-

ing relation holds. 

+ + 
M = a E. (2-1) 

+ + 
Here, M is the induced magnetization, E is the applied electric . 

field and a is the magneto electric susceptibility tensor. For the 

discussion of the symmetry operation as shown in Sec. 1-1, C3 , U2 

and IR are necessary and sufficient in this case •. Then, a of Cr20
3 

is expressed as follows: 

(2-2) 

a q is the magnetoe1ectric ~tisceptibility along the c aXis corre-

sponding to a33 in Table 1-1 and a4 is that perpendicular to the 
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c axis corresponding to all. 

To study atomic mechanisms of NE effect~the measurement of 

a should be performed carefully. Ordinari1y,·ac method with 

1 ~ 100 kHz was used to pick up small induced (magnetic or electric) 

polarization. However, spurious back ground signal due.to the 

direct coupling of the input and the output circuits is propo~tional 

. 7) 
to the square of the frequency and make it: rather difficult, in 

practice, to determine the precise magnitude ofa. Determination 

of the sign of a is also not easy. In the static· method, there is 

no problem in these points but very high· sensitivity is required. 

Recently, superconducting quantum interference device (SQUID),ll) 

. . 12) 
~nich is a usefu11 application of Josephson effect, was developed 

. 13-15) 
and applied to many p1ob1ems in physics, earth science and b~ology. 

This is a static high sensitive detector of the magnetic £lux and 

provides a practical and sensible method of detecting magnetoe1ec-

tric effect. Determination of the sign and the magnitude of the 

magnetic flux induced in Cr20
3 

by the application of the electric 

field will easily be performed. The linearity of the effect can 

be checked at the same time. Absence of the external magnetic field 

makes the stable operation of SQUID system very easy_ 

To .separate contributions· of mechanisms of ME. susceptibility, 

not only the precise value of NE susceptibility a but also a new 

experiment on }m effect are necessary as was described in Chap. 1. 

The measurement of the electric shift of the antiferromagnetic 

resonance (AF}m) in Cr
2

0
3 

is proposed and examined as the new 

experiment. 

( 21 ) 



When the electric field is applied to Cr20
3 

along the £ axis, 

the g factor, the anisotropy constant D and the intrasublattice 

exchange J are changed a little, according to the proposed three 

mechanisms. (See Sec. 1-3.) The change of D, for example, affects-

a through the ·change of the thermal average of sublattice magneti-

zations. In addition to this, the change of D has a direct influ-

ence on the antiferromagnetic resonance point. Thus, observation 

of the electric shift of AF}m will supply another sort of informa-

tion on the ME effect. 

The studies of electric shift in the spin resonance were 

reported in the case of paramagnetic resonance (EPR).- For example, 

Royce and Bloembergenl6) observed electric shift in EPR of cr3+ in 

ruby which is a magnetic impurity in a diamagnetic material. 

In this case, the site symmetry of cations is C3 and there is an 

odd part of the crystalline field parallel to the c axis. -The site 

of Cr3+ is divided· into two when the electric field is applied 

along the c axis. The EPR line was splitted into two, linearly to 

the strength of the applied electric field, but the center of it 

remained tm.changed .• Splitting of 70 Oe was observed at 170 

kV/cm. This magnitude was much larger than the line width, = :20 

Oe, and static measurement was possible. 

In,the case of AFMR of Cr20
3

, the resonanCe line was much 

broader and static measurement was- impossible. Change of the micro-

wave power due to the electric shift of the resonance point was 

detected by ac method, as is the case of the usual magnetic field 

modulation. It is to be noted that AF}m does not split but shift 

( 22 ) 



by the application of the external field. 

In this chapter, we 'viII report· investigations on the HE effect 

of Cr20
3

• The chapter is composed of tlvo parts. In Sec. 2-2, the 

first part, the precise measurement of ~m susceptibility of Cr203 

by the use of SQUID magnetometer is mentioned. Experimental appa­

ratus are described in Sec. 2-2-1 and results in Sec. 2-2-2. The 

technical points of the magnetometer and the comparison of our 

results with the previous data by ac method will he discussed in 

Sec. 2-2-3. An interesting and unusUal te~erature dependence of 

Cl discovered in one crystal will also be reported. In Sec. 2-3, 

the second part, the effect of electric field along-the c axis on 

the AFMR of Cr20
3 

is stated. Sec. 2-3-1 gives the formulation. 

Experimental details are described in Sec. 2-3-2. Sec •. 2-3-3 gives 

the analysis of the experimental result. The electric field depen­

dence of the anisotropy constant is.deduced and discussed, compared 

with the case of Cr3+ in ruby. 
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§ 2-2 Precise Heasureu:.ent of }fE Susceptibility by the Use of 

r- SQUID Hagnetometer 

2-2-1 Experimental procedures 

A SQUID magnetometer 

A block diagram of the experimental arrangement is shown in 

Fig. 2-1. The present SQUID magnetometer was similar to SQUID 

- 15) 
magnetometer which were reported by other authors except that 

there was no magnet to apply external field to the sample._ The 

ordinary 2-holes type SQUID made of ~o was used. The holes were 2.5 

-
mm in di~ter. The weak contact was achieved by adjusting two 

1-;~DTi screws, which could be turned by a worm gear from the outside 

of the cryos tat. The SQUID lV'as operated with rf bias of 22 MHz. 

For the field modulation, 1 kHz ac current was supplied to the rf 

coil which was placed in one hole of SQUID. The signal was detected 

phase sensitively by a lock-in amplifier and the output of the 

aID?lifier was fed back to the rf coil to operate the system as a 

null detector. Voltage of 26 mV induced by the feed back current 

across a standard resister Rf , 20 kn, corresponds to a flux quantum, 

<> o. The output voltage was supplied to the y axis of ~ x - y 

recorder, whereas the dc voltage supplied to the sample was fed to , 

the x axis. A dry battery and a 1 Hn variable resister, 

potentio~trica1ly connected, were used as a dc voltage supply up 

to 360 V. 

The flux induced by the sample was picked up by an astatically 

wo~~d superconducting coil, 5 or la turns in each direction, and 

( 24 ) 
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Eig. 2-1. Block diagram of a SQUID magnetomet.er for the measure-

ment of magnetoelectric effect. The "staircase" pattern or 

the "triangle" pattern is observed in the oscilloscope 

according to the mode switch position, RF or AF. 

( 25 ) 



I 
I 

r 

! I 

was transferred into the signal coil placed in the other hole of 

SQUID. A signal coil was wound 80 turns on a quartz rod, 2~1 mm 

in outer diameter. NbTi wire of 0.075 mm diameter was used. 

The sensitivity of the magnetometer as a whole was calibrated 
I -

by a small coil with dimensions similar to _the sample. A standard 

magnetization was induced by a known current through the coil and 

was detected. The sensitivity was 3.5 x 10-8 emu/~V or 1.Ox 10-7 

emu/mV, deperidingon the pick up system. 

To make the temperature of the sample below 4.2 K, the bath of 

liquid helium was pumped and the temperature was measured by the 

vapour pressure. To have the higher temperature of the specimen, 

keeping SQUID element at 4.2 K, another cryostat was -constructed 

where the sample chamber was separated from the helium bath by a 

glass delvar of about 12 mm in inner diameter and 18 mm in outer 

diameter. In this case, the pick up coil became larger and sensi-

tivity was lowered compared with the case without the inner dewar. 

A schematic illustration of this case is shown in Fig. 2-2. To 

make the-temperature of the sample chamber homogeneous, a eu pipe 

about 0.5 mm thick, 10 mm in inner diameter and 15 cm long was 

inserted a's a heat sink and He gas of approximately 1 torr. was 

introduced. Manganin wire was wound non-inductively on the Cu heat 

sink as a heater. -. The tempera~ureof t.he upper end of the heat 

sink was meas~red by AuCo-Cu thermocouple • 

. The vacuum space of the de~var "tvas filled with He gas, at _ first, 

to cool the sample to 4.2 K and then evacuated. The temperature 

of the sample chamber was increased up to approximately 20 K by 

( 26 ) 
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the evacuation. To realize the sample temperature higher than this 

stab1y~ current through the manganin heater was contro1ed • 
. 

Approximately 270-K~ by ~ 200 mA~ was the highest temperature of 

our system, because of tha poor heat insulation of the glass dewar. 

The difference of the measured temperature from that of the spec-

imen was checked by a AuCo-Cu differential thermoj tnlction. Below 

170 K, the difference was smaller than 1 K but it was larger than 5 K . 

when the temperature was higher than 250 K. In the highest temperature 

region, the temperature difference depends on the process of the heating. 

By the correction of this temperature difference, the accuracy of the 

measurement of the temperature was estimated to be better than 0.5 K 

when the sample temperature was be10tv 200 K but ~ 2 K at 250 K. 

2-2-2 Specimens 

Two specimens were cut from one single crystal. Sample I 

was a platelet paral1eJ. to the E..P1ane, 0.65 mm thick and 23 mg in 

weight. Another sample (sample 1I) was a rectangular parallelepiped, 

2.0 x 2.2 x 2.85 mm in dimensions and 57 mg in weight. The faces 

were parallel to the ~ plane, ad plane and the plane perpendicular 

to both, respectively. No heat treatment was given after the cutting. 

A sample cell was composed of a cylinder and two pistons of 

bake1ite. To apply the external electric field to the sample, 

electrodes were made by painting silver paste on the opposite sur-

faces of the specimen. Copper foils were pressed to the electrodes 

mechanically by the bake1ite pistons. Since Cr20
3 

is neither piezo-

electric nor piezomagnetic,- pressure of pistons has no primary effect 

on the ME response of the specimen. -The resistance of the 

.. 
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specimen was larger than 100 MQ at room temperature in every case. 

The sign and the magnitude of the magnetoelecttic suscepti-

bility, Cl, depend on the antiferromagnetic domain structure. To 

have a single domain crystal, ME cooling,mentioned in Sec. 1-2, 

should be applied to the specimen. Since all is approximately one 
.. 4) . 

order of magnitude larger than a.L just below T
N

, magnetoelec-

tric cooling parallel to the.s. axis is more effective than that 

perpendicular to it. 360 V was supplied to the electrodes on the 

.£. plane (0.65 mm or 2.85 mm separated) in the magnetic field of 

12 kOe along the E. axis. These values vTere much ~arger than the 

threshold value reported.17) When the directions of the electric 

and the magnetic· field. were antiparallel during the cooling, a 

of almost the same magnitude (± 2%) was observed 'vith reversed· 

sign, compared to the parallel ME cooling. From the above cons id-

erations and facts, it was concluded that the specimen of single 

domain was obtained. 

2-2-3 Results 

An example of the measurement is shmm in Fig. 2-3. Apparently, 

induced magnetic moment was proportional to the applied voltage up 

to 250 V. This linearity of the magneto electric effect ·was con-

firmed at any temperature for this crystal. The magneto electric 

susceptibility, a (cgs/g), is given by 

a = cV/mE, (2-3) 

where c is the sensitivity of the system, 3.5 x 10-
8 

emu/mV in 

this case, V is the output voltage, m is the mass of the sample 
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Fig. 2-3 A typical output of the magnetometer recorded 
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Fig. 2-4. Temperature dependence of 0.1/ and CtJ.. after parallel 

magneto electric cooling along the.s. axis. 0. n crosses 

abscissa at 87 K. 
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and E is the applied electric field. The temperature dependence 

of a is shown in Fig. 2-4, for the parallel magnetoe1ectric cooling 

. along the .£ axis. Qualitative feature of the figure is the same 

with the previous reports but the magnitude of the present result 

is larger than those except a" at 4.2 K. (See Table 2-1.).-

2-2-3. Discussion. 

A. Noise. 

The noise in the measurement of the magneto electric effect 

by the SQUID magnetometer cons is ts of the noise from the device 

itself, from the temperature controle system and from the applied 

field. 

The noise'from the device was mainly due to the vibration of 

the superconducting magnetic shield relative to the pick up system 

in our case. This vibration causes local f1uctuat~on of the 

magnetic flux. This noise detected at 4.2 K was about (1/100) 

~ • Pumping of the helium bath increased the vibration and resulted 
o 

in higher noise level. 

,As for the temperature contro1e system, main problem came 

from heater current and the pu1sive noise of a digital voltmeter 

to measure the electromotive force of the thermocouple. The 

latter can be avoided by the use of an analog device. The high 

frequency noise transported by conductors, the heater, th~ ther-

moco~le and the lead wires to apply the electric field, to the 

pick up coil did not seem so large. 

Though the heater was wotmd non-inductively, maximum current 
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of 200 ~~ shifted the triangle pattern of SQUID by about 2 $ . 
. . 0 

~~en the constant current supply was used and the current was not 

changed during the measurement, however, this shift was constant 

and did not cause the increase of the noise. If the heater and 

the thermocouple are placed far apart from the pick up coi~, the 

noise of this origin can be decreased, but the controle and the 

measurement of the sample temperature will be less accurate. 

In the case of the measurement of the. magnetic susceptibility 

by SQUID, the device was directly influenced by the fluctuation 

of the applied magnetic field. If the measurement is carried out 

by the sweeping of the field, the precise compensation of the pick 

up coil is very difficult technically. If the sample is moved in 

the constant external field, the vibration accompanied by·this 

movement causes additional noise. In the measurement of the rnagneto-

electric effect, there is no such problems as the electric field 

does not couple ~-Tith SQUID. HmV'ever, the current associated with 

the supplied voltage can be the origin of the noise. In the 

present case, the resistivity of Cr20
3 

is so high, especially at 

lmV' temperatures, that we c:.an neglect the current through the 

sample. Even if a current of 1 pA through a one turn coil of 5 mmQ 

at the position of the specimen resulted in only (1/20) Q shift 
o 

of the output. Since the current loop in the measurement is per-. 

pendicula~ to the pick up coil and the current was much smaller, 

the coupling of the current through the sample to the pick up coil . 
should be much smaller. The effect of the charge up current of 

the capacitor, composed of the sample and the coaxial cable to it, 
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could be larger. This is proportional to the sweep rate and we 

changed 360 V by more than 5 s to suppress the effect. On the 

other hand, temperature dependence of the magnetic susceptibility 

I 
of the material near the pick up coil led to a. temperature 

dependent magnetization proportional;to the trapped terrestrial 

magnetic field, . and caused a drift of the output •. tfuen the mea--

surement was carried out with changing temperature, sweep rate of 

the electric field should not be too low. Another noise source 

was again the digital device to measure the applied de voltage or 

current. Analog devices should be used. 

By the use of SQUID, the measurement of magnetoelectric effect 

can be carried out easily, by sweeping electric field. The sign 

and the magnitude of the induced moment can be directly determined 

against the applied electric field. The advantage over the usual 

ac method is that SQUID offers a mean of high sensitive static 

measurement. 

B. Comparison of the present results with the ~revious reports. 

In the present experiment, a was not obtained over the whole 

temperature range from 0 Kelvin to TN• However, values character­

izing the temperat~re dependence of a such as maximum of an (anmax>'~ 

the temperature for a (T) ,the .temperature . for all = 0 
I/max . max .' 

(Ta =0)' all and a.1,. at 4.2 K (a"4.2K and aJ.4.2K) could be read in 

Fig. 2-4. Previous. data by ac method and the present results are 

tabulated in Table 2-1. The present work gave largest values for a 

except all at 4.2K. 

The experimental error in a" or a L is brought about by the 

.. 
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error in the calibration of the sensitivity, by the misorientation 

of the specimen and by the antiferromagnetic domain structure. 

As for the orientation errors, the accuracy of the cutting 

of the crystal was estimated as S ± 1° and themisorientation between 

the c axis of the crystal and the axis of the pick up coil was estimated 

to be less than 3°. Error larger than 0.3 % can not be expected 

from this origin. 
6 ... 

S.ince a.J. is 7.0 x 10- . at 4.2 K, increase of 

0.02 x 10-6 or 2 % is the upper limit to all" Inversely at 255 K, 

-6 increase of 0.07 x 10 or 1.5 % in aL is the upper limit. The value 

of 87 K for Ta=O and the ratio aI/maxI a'/4.2K = 19 support our conclu-

sion that the setting errors were small. 

The reproducibility of the value of Cl for both parall~l and 

antipara11e1 magnetoe1ectric cooling strongly suggests that the 

specimen was·sing1e domain, the errors of the absolute values being 

within ± 2 %. The efficiency of the magneto electric cooling seems 

to be responsible for the large difference in the magnitude of a~ 

at 4.2 K between the present result and those in the previous -

reports. Errors on the calibration of the system are· caused mainly 

by the difference of the geometry of the sample and the calibration 

coil. To check this point, the magnetic flux picked up by a coil 

was calculated. 

Consider two coaxial coils with infinitesimal thickness on 
. 

a plane. Total magnetic flux inside of the outer (pidkup) coil is 

o = It 2TIr B dr = 
o z 

co 

ft· 2TIr ~z dr ~ (2-4) 

( 35 ) 



where, t is the radius of the outer coil and the cylindrical co-

ordinate is used. Integration in eq.(2-4) can be expressed as 

follows: 

(2-5) 

Here, a = d/t, k2 
= .ar(l+a)~, K. is the complete elliptic integral 

of the first kind and E is that of the second kind. M is the 

magnetization equivalent to the circular current through the inner 

coil: 

M = I S = 1T d
2 

I 
cc' (2-6) 

where I is the current and S is the area and d is the radius of 

the inner coil, respectively. As is shown, ~ is proportional to 

. M and the coefficient, Y, is dependent only on the relative size 

of coils, a. yea) was numerically calculated and plotted in .' 

Fig. 2-5. The difference of the area of the specimen (o. 6 mm2) and 

the calibration coil (~ 11 mm2) in the present case being considered, 

the error in the calibration lV'as estimated ~ 7 % from Fig. 2-5". 

These two origins of the error, antiferromagnetic domain 

structure and the calibration of the pick up system, always de-

crease the observed value. l-le suppose the present results have 

given more than 90 % of the true magnitude. 

Since the characteristics of the magnetometer and antiferro-

( 36 ) 
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magnetic domain structure were not affected by the temperature of 

the sample, only the setting error influences a./Imax/a.1I4 •2K• The 

present value is much larger than those previously reported. 

Difference in the sample quality is supposed to be the main cause 

of the difference. In the case of }!ercier, however, the reported 

value of Ta.=O was too high and the tilting of the measu~ing direction 

from the c axis18) seems to be responsible for the differences. 

To interprete the present value for a~ at 4.2 K, 7 x 10-6 

(cgs/g), by the tilting of the spin axis from the.£. axis, 3 x 10-3 

radian/kV/cm should be assumed. Here, we used the values A = 8.5 

3 5 - 3 19) 
x 10 and K = 2 x 10 erg/cm, after Foner, for the molecular 

field coefficient and the anisotropy energy, but, different from 

his suggested value, the sub lattice magnetiza~ion was assumed to 

3+ 3 be 3 ~B/Cr = 583 emu/cm. This v.alueof tilting should be 

-5 -compared with 1.6 x 10 radian/kV/cm, reported on 3+. . Cr ~ons ~n 

b 
16) 

ru y. This large difference bet~veen the values for Cr
2

0
3 

3+ 
and Cr in ruby is contrary to the parallel case, 'tV'here the frac-

tional change of D, the second order fine structure constant, was 

3+ . 20) nearly the same for Cr
2

03 and Cr ~n ruby (see -Sec. 2-3). 

_ The quality of the crystal is very important in the experi-

ment on Cr203 • It was reported that the introduction of small 

amount of Fe changed the magnetic structure. 2l) The intensity of 

the antiferromagnetic resonance absorption was much influenced by 

mechanical or thermal treatment (see Sec. 2-3). In the measurement 

of the NE effect, we also found an extraordinary effect in one 

( 38 ) 
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crystal. Fig. 2-6 shows the temperature dependence, from 4.2 K to 

1.6 K, of a for a crystal, origin of which is different from that 

mentioned above. aA and aB were measured along a direction 28° 

and 78° from the ~ axis, respectively. In both cases, parallel 

magnetoelectric cooling was adopted along the measuring axis. 

Fig. 2-7 sho~vs the temperature dependence of aA from 4.2 K to 

250 K. In the lm..r temperature region shoml.in Fig. 2-6, both 

~I/ and aL should be constant, as was shoml in Fig. 2-4, and the 

results shown in Fig. 2-6 are unusual. Anomal~.in aA is also ex­

hibited in the high temperature region in Fig. 2-7. aA.crossed 

abscissa two times and higher order effect could be seen above 

180 K •. An example is shown in Fig. 2-8. At the same time, linear 

part at low external electric field decreased abruptly. :_(See _Fig •. 

2-7. ) Dashed line in Fig. 2-7 plots the linear part of the effect. 

rne resistivity of this specimen was below 10 N,n at room tempera­

ture and much lower than that of the specimen stated in Sec. 2-2~1 

~Ld 2-2-2. The apparent higher order effect, i.e., nonlinear 

response of the magnetization to the electric field, c'annot be 

interpreted by the heat up due to the applied electric field, 

which could not' exceed one degree. The temperature dependence 

of a shown in Fig. 2-7 also supports this argument. It is to be 

noted that existence of IR inhibits the S term in eq.(l-l) and 

the electric field dependence as shown in Fig. 2-8 cannot be ex~ 

pected in a perfect crystal of Cr203 • No change in IX was observed 

after an annealing at 1000°C for one day in the air. Though no 

~urity of more than 0.1 % was detected. by chemical analysis, 

( 39 ) 
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low lying excited states due to some impurities or lattice defects 

might be the cause of this anomaly. If this conjecture is true, 

}lli effect can provide information on the impurity. state of an 

antiferromagnet. 

(·41 ) 



§ 2-3 Electric Shift in the P~tiferromagnetic Resonance 

2-3-1 Effect of the electric field on the antiferromagnetic 

resonance 

At the beginning of this section, let us examine the effect 

of the electric field on the magnetic resonance of a ME anti~ 

ferromagnet. The energy of an easy axis antiferromagnet consisting 

of 2N spins was written as follo,vs: 

Here, suffix 1 or 2 denotes sublattices, S is the thermal average 

of spins, g is the g factor and D is the anisotropy constant. 

is the intersublattice exchange constant and H is the external 

magnetic field. The intrasublattice exchanges were neglected 

since they do not affect antiferromagnetic resonance. He ,viII 

confine ourselves to the case where both magnetic and electric 

J 
e 

field are parallel to the £ axis. Directions of these fields and 

sublattice magnetizations are shown in Fig. 2-9. In the presence 

M 

f 
H E Fig. 2-9. The directions of the crystal 

~ axis, magnetizations of two sublat-

tices and externally applied electric 

and magnetic field. 

( 42) . 
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of external fields, parameters on eq.(2-7) are expressed as 

SI = S + oS + ilS, gl = go + og, Dl = Do + oD, 
0 (2-9) 

S2 = S + oS + ilS, g2 = go - og, D2 = D - oD, 
0 0, 

where oS, og and oD are the electric field dependent part of each 

parameter and ilS is that on the magnetic field. J is independent 
e 

from the electric field since Cr20
3 

has' IR symmetry. oS, the 

change of the spin, is induced by the change of the intrasublattice 

exchange, oJ, and of the anisotropy, oD. In this sense,cSD contri-

butes twice in eq.(2-7) • 

The sign of oS, og and oD is dependent on"the antiferromagnetic 

domain structure~ Parallel or antiparallel HE cooling reverses 

the sign of these. Parallel}m susceptibility is expressed as 

a~ = 2~ ~B ( go oS + og So ) I E. 

The equation of motion of spins is 

~ 

d S. 
n--~ = 

dt 

(2-9) 

" (2-10) 

-
~ ~ 

H is the effective field acting on S. and is written as 
eft i ~ 

= 

(le: 

~ 

Cl H. 
~ 

+ {2-ll} 

~ is the unit vector along the z axis or the £.. axis. AFHR frequency 

( 43 ) 
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is given by solving the secular equation deduced from eqs.(2-7~ 

10~11). Substituting eq. (2-6), the result is expressed as 

± [ g ~BH + 20DS + (2D - J )(oS + ~S)] • o 0 0 e 
(2-12) 

eq.(2-12) can be written as 

-tiw = -l1w + 1'iow 
o 

(J +2D )~BH 
± [(2D -J )OS+2S oD] + '4 (J +D )D S2 e 0 og~ (2-13) o e 0 V eo 0 0 4(J +D )D S 

e 0 0 0 

where, the electric dependent part, oS~og .and oD, are taken into 

account up to the first order and the magnetic field dependent part, 

~S, is taken into account up to the second order. ± corresponds to 

branches of the resonance. iiw , the first three terms, gives the 
o 

ordinary resonance frequency in the absence of the electric field. 

The last three· terms, llow, indicate the shift produced by the elec-

19) -1 -2 tric field. According to Foner, J = 310 cm , D = 1.1 x 10 
e .0 

-1 
cm and go = 1.97 for CrZ03 at 4.Z K. Then, 

ilow =± [310oS - 30D ] + 3.8Hog . (cm-I). (Z-14) 

Here, H is in the unit of kOe. If electric shift of the AFMR is 

measured at different frequencies, oS, oD and og can be determined 

separately from eqs.(Z-9) and (Z-13). 

( 44 ) 



2-3-2. Experimental. 

AfllR in Cr203 was so broad that the electric shift could not 

be detected statically. This difficulty was avoided by the use 

of ac modulation method. The intensity of the signal observed by 

the electric field modulation was compared with that observed by· 

the usual magnetic field modulation in the same experimental 

conditions before and after the electric field modulation measure­

ment. 

AFMR was observed using a standard reflection type microwave 

spectrometer (JEOL JES-}ffi-2X) of intra-faculty common utilization 

ESR room in our faculty. The frequency of the microwave was 24.2· 

GHz and a cylindrical cavity of TEOllmode was used. External 

magnetic field up to 60 kOe was generated by a superconducting 

tr.agnet. .. 

A block diagram of the experimental apparatus is shown in 

Fig. 2-10. The magnetic field was modulated by ac current at the 

frequency of 100 kHz through one turn coil in the micrmvave cavity. 

To check the phase of the sign.al carefully, lock-in amplifier 

(NF LI 573) was used instead· of that built in the spectrometer, 

and the signal of the resonance was detected phase sensitively 

. for 90° different phases of the reference signal. ac (100 kHz) 

hi~~ voltage supply was constructed by a power amplifier and 

transformer, connected to the magnetic field modulation current 

source •. The reference signal to the lock-in amplifier-was made 

by deviding the voltage of the ac current or voltage source. 

(See Fig. 2-10.) The strength of the magnetic field modulation 

( 45 ) . 
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Fig. 2-10. Block diagram of a microwave spectrometer to 

measure the electric shift of AFMR. Hagnetic and 

electric field modulation are selected by a switch. 
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used was up to about 1 Oe and that of the electric voltage" p-p 

modulation up to 360 V " p-p 

The single crystal used in the measurement of the parallel ME· sus-

ceptibility in Sec. 2-2 was used in this measurement. However, the 

dimension of the specimen, 22mg in weight, was so large that theQ 

value of the micr·owave cavity was lmvered down and the measurement 

could not be performed. By ·grinding., the sample was formed in a 

platelet parallel to the c plane, 0.36 mm thick and 7mg in weight. 

It is to be noted that the mechanical treatment such as grinding 

or cutting considerably weakened the signal of AFMR..The annealing 

at 1600 0 C for 1 day was necessary to recover the signal •. Intro-

duction and removal of the mechanical stress was supposed to give 

rise to the above changes. 

To apply the ac electric field to the specimen, the elect~odes 

should be attached. In an experiment of microwave frequency, the 

metal layer as an electrode must be thinner than the skin depth 

at the frequency. In the case of EPR, Royce and Bloembergen uti­

lized the Ag fi~m vapour deposited directly on the cry~ta1.16) In 

the present case, however,.thismethod lowerd the Q value or the 

cavity. remarkably and the experiment became impossible. Au and 

Cu-AI alloy (to decrease conductivity at 4.2 K) film deposited 

directly on the specimen appeared to be negative, too. This 

difficulty was avoided by using a Ag film of approximately 100 A 

thick on a myler film as· an electrode. Fine eu wires were pressed 

to the electrodes bya thread as leads to the ac voltage supply. 

The sample and electrodes were set in a teflon holder as shown in 

( 47 ) 



I 
I 

r 

r 

I 

I 
I 

I~ 

DPPH 
I ,...--.... 

SAMPLE HOLDER 

(TEFLON) 

o 3mm 

Fig. 2-11. Schematic illustration of the sample holder and electrode. 

E Mod. 

360V 

H Mod. ° 

0.90e 

Fig. 2-12. The output of the resonance absorption vs. the current 

supplied to the superconducting magnet. 48 kOe was goenerated 

at 20 A. 

a): electric field modulation with 360 V /0.4 mm. 
p-p . 

b): magnetic field modulation with 0.9 Oe 
p-p 
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Fig. 2-11 and placed at the centerof the cavity. Parallel ~m 

cooling was adopte.~ before the measurement. 

An exaITQle of the signal was shown in Fig. 2-12. Usual dif-

ferential curve of the absorption could not be obtained as the 

saITQle of 7 mg was too large for the spectrometer. APe unit did 

not operate at the resonance point and the frequency of the micro~ 

wave was not stabilized. By the magnetic field modulation, however, 

the signal was observed at the same position with the same line 

profile (Fig. 2-l2b), just before and after the experiment by the 

electric field modulation. lYe could deduce the electric field 

shift of the AFMR.by the comparison of these signals. The sign 

of the signal by the electric field modulation was inverted by 

the antiparallel ME cooling. 

2-:-3-3. Discussion. 

The amplitude ·of the signal with the 10 kV/cm of electric 

field modulation was equal to that with the 0.36 Oe magnetic field 

modulation. The change of the output due to the electric field 

modulation was the same, including its phase, as that of the mag-

netic field modulation with the external electric field applied 

parallel to the external magnetic field, the frequency of the AFMR 

is lm-1ered when the parallel ME cooling is employed. Then the 

frequency shift was 

-1 / cm . kV/cm. (2-15) 
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Since the experiment was carried out at 4.2 K, we can assume 

oS = 6S = 0* and S = 3/Z. Then, all = - 1.Z x 10-6 cgs/g, observed 
o 

in the same crysta122) at 4.Z K gives 

-8 og = - 3.5 x 10 at E = 1 kV/cm. 

00 is deduced from eqs.(Z-14), (2-15) and (2-16) as 

00 = - 1.1 x 10-6 -1 
cm at E 1 kV/cm. 

(2-16) 

(2-17) 

This is about one order of magnitude smaller than that reported 

3+ 16) for Cr in ruby at room temperature. This ratio is almost the 

-1 same as the ratio of the fine structure constant (0.19 cm for 

16) -1 19)** ruby and 0.015 cm for Cr
Z
03 '). It is interesting to note 

that if 00 keeps its sign up to TN, an due to the anisotropy mech­

anism is always negative and qualitatively conflicts with the 

observation. 

* The validity of this assumption is not evident as X of Cr203 

is not 0 at 0 Kelvin. 

** Contribution of magnetic dipole interaction ,vas subtracted. 
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CHAPTER 3 EXPERI}lliNTS ON THE}~GNETOELECTRIC EFFECT 

r IN THE LOH TEHPERATURE PHASE OF Fe304 

0 0 
2-

0 .. ' A-site 

0 B-site 

Fig. 3-1 Spine1 stxuctuxe 
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§ 3-1 Introduction 

Hagnetite, Fe
3
04 , is believed to be the oldest magnetic 

material known by Greek and used in their compass. More than two 

thousand years after, the magnetic properties was successfully 

analyzed by the theory of t~vo sublattice ferrimagnetism developed 

by Neel. Fe304 has a spinel type crystal structure and the 

direction of spins of Fe3+ ions in the A site and that of Fe2+ 

d F 3+ " " h B " "t an e 10ns 1n t e S1te are OppOS1 e. The Curie point is about 

860 K. 2+ 3+ " Because there are equal numbers of Fe and Fe 10ns in 

the equivalent crystal sites, and they can interchange their 

positions by the exchange of one electron, instead of by atomic 

diffusion, electric conductivity as high as 102~cm is observed 

at room temperature. In 1928, anomaly was found near 120 K in 

the specific heat measurementl ) and suggested the existence of 

some sort of phase transition. It was found later that a dis-

continuous increase of electrical ~esistivity is accompanied by 

th e "" 2) 1S trans1t10n. It was natural to consider that the ordering 

. 2+ 3+ of Fe and Fe ions in the Bsite is the origin of the transi-

tion. 

In 1947, Venvey proposed a model of the charge ordering 

2T 3+ 3) 
~vhich is composed of alternate (001) layers of Fe and Fe ions. 

(See Fig. 3-1.) In each layer, nearest neighbour sequence of 

B sites runs along [110] or [110] direction, and hence the crystal 

has orthorhornbic sy~~etry. In this paper, crystal indices 

refered to the cubic lattice ~vill be used and [110], [110] and [001] 

( 53 ) 



axis, deterTI'ined magnetically as will be shown belmv, will be 

called as a, band c axis, respectively. The transition is of~en - - -
called as "Verwey transition". 

Since then, magnetic, electrical and structural studies were 

carried out on the low temterature phase of magnetite. It was 

disclosed that the principal axes of magnetocrystalline anisotropy 

energy were the £.. (easy) ,the b (intermedeate) and the!!.. (hard axis 

of the magnetization)4) and supported the model of Verwey. In 

1958, Hamilton5) reported the observation of (002) neutron 

reflection and the Verwey model was considered to be proved and 

the problem to be settled. 

In 1968, after one decade, the reflection spots lvith half 

inte?er indices were found in electron diffraction6) by Yamada et al. 

and neutron diffraction7) by Samuelsen et al •• After that, the 

low temperature phase transition of Fe304 has absorbed, once more, 

much interest of solid state physicists. The model of Verl'ley 

,vas finally rej ected because (002) reflection observed by Hamilton 

was found to be a ghost due to the double reflection. 8) The 

i8?ortant role of phonons, especially those having ~5 symmetry, 

was emphasized9) and many studies on the magnetic and structural 

properties have been reported to elucidate the low temperature 

phase and the nature of the transition. 

Among these, Rado and Ferrari reported the ME effect of 

this crystal at 4.2 K. lO) Since magnetite is a ferromagnet, 

macroscopically, this means that Fe
3

04 is ferromagnetic and 

pyroelectric. Coexistence of the spontaneous magnetic and electric 
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moment was reported already on boracite family.ll) However, they 

are antiferromagnets and weak parasitic ferromagnetism appears in 

the ferroelectric phase. On the cont.raty, !e304 is ferromagnetic· 

in its basic properties. The feature of the coexistence of ferro-

magnetism and electric polarization in this case is interesting. 

In contrast to an antiferromagnat as Cr
2

0
3

, anisotropy of the 

ME effect could be directly observed by Changing the magnetization 

direction, though the direction of the electric field l·las limited 

parallel to [110], [112] or [1111 axis in the present experiment. 

Phenomenologically, the change of magnetizat~on of a ferromagnet 

due to the applied electric field is caused by a tilting and/or 

by a change in the magnitude of the magnetization. The former 

originates in the electric field dependence of t~le magnetocrystal-

line anisotropy, whereas the latter comes from the dependence of 

the exchange interaction and g factor as well as the magnetic. 

anisotropy. Contributions of these two kinds of the mechanisms 

can be separated by measuring the magnetic field dependence of 

the effect. 

On the other hand, the true symmetry of the crystal in the 

low temperature phase is still inconclusive. According to the 

recent structural studies, the 10\<1 temperature phase of magnetite 

has a nearly rhombohedral lattice l<1ith an elongation along one 

8 12) of the cubic <11];> axes,' whereas the magnetic principal 

axes are nearly along [001], [110] and [110].13) Thus, the crystal 

symmetry of the low temperature phase should be C2h = {E, C2 , I, cr} 

or lower. If the elongation is along [111],. the C
2 

axis lies along 

[110] and c is parallel to (110). The point. is whether a (110) 
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glide plane exists or not. Diffraction studies12 ,14) suggested 

its existence, hence the crystal is monoclinic, but domain 

structure observation15) and magnetoelectric effect measurementlO) 

gave negative results. 

It might be necessary to note here the differences of our 

experiment from that of Rado and Ferrari.10) 

1° Difference of temperature 

Their experiment was carried out at 4.2 K, whereas we measured the 

effect at 77 K. An anomaly at approximately 10 K was reported 

recently in the specific heat16) and was attributed to a new phase 

transition. Then, there is a possibility that not only the 

magnitude but the symmetry of the magnetoelectric coefficient 

tensor are different at 4.2 K and at 77 K. As '-laS stated in 

Chap. 1, this symmetry of the tensor reflects the symmetry of the 

crystal. It is to be noted that the diffraction studies12 ,14) 

as well as the domain structure observation15) were performed 

above 77 K. 

2° Differece in the twin structure of the specimen 

Rado and Ferrari implicitly assuued nearly orthorho~bic syro~etry 

and only the magnetic principal axes ,,,ere fixed in their experiment. 

The axis of elongation was not determined uniquely. It seems also 

that they did not align the electric polarization of the crystal. 

So, coefficients of the }ffieffect could not-be evaluated completely. 

On the determination of the symmetry, they argued that the 

symmetry of twinned crystals is higher than that of a completely 

detwinned crystal and their conclusion was ~orrect even if their 
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specimen was twinned. Generally speaking, their argument is 

valid only if the volume of each twin domain is equal. If so, we 

cannot expect the }ffi effect to be observed. Accidentally in the 

present case, however, the glide plane in question is fixed 

uniquely by the fixing of the magnetic principal axes. In this 

sense, their conclusion is correct in principle. 

3° Difference in the experimental method 

Experiment of Rado and Ferrari was carried out in a static method 

or at the frequency of 1 kHz, mainly on the bc disk with electrodes 

on the a plane and the magnetization parallel to it. To discuss 

the symmetry of the crystal, they used an octagonal sample with 

the basis parallel to the ab plane and four pairs of lateral 

faces containing g and ~ planes. Electric polarization along the 

~ and ~ axes induced by the w~gnetic field along the Q axis were 

measured simultaneously. Our experiments were carried out at 

10 ~ 150 kHz, on a cube with (Ill), (112) and (110) faces. 

Electric field ,·TaS applied along one of these three axes and the 

changes of the magnetization along three axes were picked up. 

To determine the symmetry, we made much effort to eliminate 

spurious signals due to the misalignment of the crystal and that 

due to the non-uniformity of the electric field or the magne- . 

tization.We suppose that the same sort of problems also confront 

the static measurements of Rado and Ferrari but this point was not 

mentioned in their paper. 

In this chapter, studies on the HE effect of Fe
3

0
4 

at 77 K 

are reported. Tnree subjects, 1) determination of the crystal 
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symmetry at 77 K, 2) electric field dependence of the magnetic 

anisotropy and 3) relaxation of the ME effect, were investigated. 

Experimental procedures are given in Sec. 3-2. Preparation 

of specimens for the measurement is stated in Sec. 3-2-1. 

Measurement of the ME effect is described in Sec. 3-2-2. Sec. 3-2-3 

gives the measuring method of electric susceptibility, which was 

carried out in connection with the relaxation effGct. 

In Sec. 3-3, experimental results were reported. Determination 

of the crystal symmetry is mentioned in Sec. 3-3-1. Dependence 

of the }m effect on the direction and the strength of the 

external magnetic field was measured and ana1yzed by· spherical 

harmonics up to the fourth order in Sec. 3-3-2. Sec. 3-3-3 

gives the relaxation of the ME effect. In connection with ME 

effect and its relaxation, magnetic field dependence of the 

electric susceptibility is described in Sec •. 3-3-4. 

Sec. 3-4 gives discussions on the present experiment. 

Dependence of the ME effect on the external magnetic field was 

interpreted in Sec. 3-4-1 by an assumption that a part of the 

magnetic anisotropy energy is closely connected to the electric 

polarization, whose magnitude and direction are affected by the 

electric field. Two possible directions of the electric polari­

zation are proposed. The structure of Fe304 in the low temperature 

phase is discussed in Sec. 3-4-2, related to the charge ordering 

model recently proposed by M.Mizoguchi. 

( 58 ) 



r 
I 

I 

• I 
, 

§ 3-2 Experimental Procedures 

3-2-1 Crystal 

Single crystals of Fe304 were synthesized at National Institute 

for Researches in Inorganic Materials by the floating zone melting 

method in an atmosphere of CO2 • They were subsequently annealed 

at about l200°C for 20 hours ~dthill a CO2 + H2 atmosphere of a 

controlled oxygen partial pressure. This annealing was very 

important to have a good result. A cube of 4 mm edge, bounded 

by (111), (112) and (110) pla:les, lvas cut from the crystal and 

it was annealed for five days at 750°C in an evacuated and sealed 

off quartz tube. The transition temperature of the specimen, 

T , was 124 K. Au electrodes were vapour deposited on the opposite 
v 

faces. 

The crystal was imbedded in epoxi-resin lvithin a frame of 

polymethyl metharylate (P~WA), (111) faces being kept exposed. 

The electrical contact with the electrode lvas achieved either 

by screws through the PMMA frame, in the case of (112) or (110) 

electrodes, or by lead wires directly soldered with In, in the 

case of (111) electrodes. Resistance of the specimen at 77 K 

~'las changed from approximate;ly 3 to 8 kn, depending .on the 

direction of the electric field. 

The crystal was cooled to 77 K in an external magnetic field 

not less than 13 kOe, applied along [001] axis or alon~ the 

direction 40° tilted from [001] to [110] axis. By this treatment, 

the axis of the crystal distortion, [111], and the magnetic 
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Fig. 3-2 Coordinate system and the setting of the crystal. 

1, 2, 3: coodinate system used in this paper. 

a, b, c: magnetic principal axes. 

I ( 60 ) 



WORM GEAR

WORM WHEEL

PICK UP COIL

SAMPLE

~+----SAMPLE HOLDER
(PMMA)

[ III)

[001] ---<1l>l1

!ii2J/

Fig. 3-3 A schematic illustration of the rotation mechanism

of the specimen. The axis of the pick up coil is

parallel to [110] in the figure.
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principal.axes ([001]: the easy, [110]: the intermediate and

[110]: the hard direction of magnetization) were fixed. Wewill

use the coordinate system shown in Fig. 3-2 and the polar coor-

dLnat.e , e and <l> measured from the axes· [110] and [111], to define

the direction of magnetization or external field.

3-2-2 Apparatus

Oscillation of the magnetization due to the applied ac

voltage was picked up by a coil whose axis was set along a cube

edge, 1, 2 or 3in Fig. 3-2, and it was detected phase sensitive-

ly. The frequency of the ac voltage was between 10 kHz and

150 kHz, mainly at 10 and 100 kHz. To calibrate the sensitivity

of the pick up system, a three turn coil was set in place of the

specimen and the output of the phase sensitive detector was

measured at each frequency corresponding to a standard·ac current

through this coil. As the back ground level was not so low and

we did not know the phase of the true signal, not only the mag-

nitude but also the phase of the output was measured. Output

with 90° different reference phases were plotted vectorially •.

To determine the anisotropy of the magnetoelectric effect,

the specimen was rotated around the horizontally set [110] axis

c
by a worm system, schematicallyshmvn in Fig. 3-3. Since a

~ -- .....
magnet was rotated around the vertical axis, the direction of

the magnetic field could be changed stereographically. External

magnetic field of 8.4, 10, 12 and 15 kOe or 8.4, 12, 17, 23.3 and

31.4 kOe wer e applied.
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3-2-3 Measurement of ME effect

A Temperature

All t~e experiments were carried out at 77 K.

B Phase and magnitude of output

To eliminate the back groUQd leakage due to the current

through the sample and lead wire, measurements were repeated for the

t~yo opposite directions of the magnetization. - The difference of

the two out.put;s. is plotted in Fig. 3-4. The coordinate and the

abscissa of the figure correspond to two components of the output

for 90 0 different reference phases. Direction of the magnetization

within the (110) plane is an implicit parameter of the plot. As

is shown, the points measured at 10 kHz lie on a straight line

which crosses the origin and we can safely assume that this line

gives the coordinate to the signal. l~en the measurement was

carried out at 100 kHz, data points lie on a curve like an ellipse

or hyperbola, whose axis crosses~the origin. Apparently, there is

some leakage output, which increases-with increasing frequency.

He assumed that the major axis of the curve was the coordinate

of the signal in this case and neglected the transverse component.

The difference of these two coordinates, for 10 kHz and for 100 kHz,

is due to the relaxation of 11E effect which will be discussed

later.

C ME poling

Ordinarily, HE cooling is effective to achieve a single phase

of a crystal that exhibits HE effect. l 8) However, the electrical

conductivity of Fe 304 at Tv is so high that a sufficiently strong
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electric field cannot be produced within the crystal. Instead

of }ffi cooling, pulsed dc electric field of approximately

2.5 kV/cm and 0.7 msecduration was applied repeatedly at

77 K, with fixed magnetization direction (: ME poling). Higher

voltage or longer duration was not possible in our case, because

of the heating up of the specimen. Even the above mentioned pulses

slightly affected the electrical ~0ntact•. After one cycle of

heating - cooling - poling,resistance of the specimen increased

by approximately 10 n. In Fig. 3-5, oscillating magnetization

along [112] induced by the electric field in the same direction

was picked up and plotted against the number of pulses along [112].

During the poling, the magnetization was kept along [001]. When

the polarity of dc pulses was reversed, the signal changed its sign.

Llirty pulses almost saturated the output in this case.

D Direction of magnetization

The equilibrium position of the magnetization was calcu-

lated from the external magnetic field by the following

equations:

aE:° rae = 0,

aE:°/a~ = 0,

0 = E: +E:
Z

E:A,

(3-1)

. (3-2)

where E: z and E:A are Zeeman and magnetic anf.sotropy energy given by

~ ~

E: Z = - HoH,

2 2
£A = Kaaa + Kbab
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Here, ~. is the direction cosine of the magnetization to the
J..

axis i. (See Fig. 3-2.) According to Matsui et al.1 7),

M = 505 G/cm3•

and Abe et al ~ :P) gave following values . for K' s , at 77 K:

K 25 5 3 5 3= x 10 erg/em, 1<1, = 4.6 x 10 erg/em,a

K 0.5 x 105 K = 1.3 x 105u ,
.aa ,

K
ab

= 5.6 x 105,
~b = 2 x 105.

Here, Kaa and Kab at 77 K were es.timated on an assumption that the

temperature dependence of them is the same as that of ~b.

EMeasurement

In a typical run of the experiment, ~H' the azimuthal angle

of the external magnetic field, was set at first by the rotation

of the crystal. Then, the magnet was rotated to the calculated

position to adjust 8, the polar angle of the magnetization, at

a desired value. The azimuthal angle of the magnetization, ~, was

calculated for each case. e was changed within a limited range,

from 45° to 135° when ~H = 55° and from 70° to 110 0 when ~H ~ 15°,

to avoid the sw.Ltch.Lng of the magnetic princi.pal axes. ~H was

changed from 15° to 95°. Thus, one run of the measurement, for

a certain direction of the electric field and the pick up coil,

was completed and the dependence of the magnetoelectric signal

on ~ for each e and magnetic field strength were plotted.

F Absolute magnitude of signals

tVhen one run of the measurement was finished, the specimen

was warmed up to the room temperature and the plane of electrodes
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or the pick up coil axis was changed. The next run of the

measurement was started after the field cooling and the ME poling.

The magnitude of the output_ for different runs could not be

compared. directly, since that depends on the total electric

polarization of the specimen. The ME poling at 77 K was not so

effective as the ME cooling in the case of Cr
2

0
3

(see Sec. 2-2-3)

and the relative magnitude of the }lli tensor, normalized at the

largest value, was scattered between 1 and 0.5. The value

reported in Sec. 3-3 was the largest ones.

Even in one. run of the measurement, depolarization or the

decrease of the output appeared in some cases. Applied ac voltage

was supposed to be the cause. To eliminate the effect of this

depolarization, measurements for ~H = 55° were repeated to monitor

the electric polarization and the signals were normalized by

the average of the monitoring outputs. The depolarization was

more remarkable when the angle between the magnetization and

the easy axis, [001], was larger and the magnetic field was

stronger.

3-2-4 Measurement of electric susceptibility

In connection with the magnetoelectric effect, efforts to

measure the electric susceptibility were made by three terminal

method at 1, 10, 100 and 1000 kHz. A YHP 4270A automatic capaci­

tance bridge was used. The edge of the sample cube was 6 rom in

this case and the area of the main electrode was approximately

2 mm2 • The sample was treated in the same way as described above,
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except the electrodes on (110) or (112) plane and the electrical

contact to it. The main electrode was composed of In soldering

and the guard electrode was made by silver paste. A double

piston was pressed to the electrodes by a phosphor-bronze spri~g,

through a hole of 4 rom diameter cut in the PMMA frame and

resin. (See Fig. 3-17.) During the poling, th~ main and the

guard electrodes were connectea. HE. poling was important to

have reproducible results. At 77 K, the dielectric loss of

Fe
304,

or its electrical conductivity, is so high that more

accurate measurement was impossible.
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§ 3-3 Experimental Results

3-3-1 Experiments on the crystal symmetry

Fig. 3-6 shows examples of the signal as a function of </>,

the direction of the magnetizat~on in (110) plane. (See Se~. 3-Z-3,D) .

The noise level was of the order of several tenths of ~V in

this case.

The breaking of symmetry in the low temperature phase will

be reflected on the coefficient tensor of the magnetoelectric

effect. Existence of a symmetryelem~nt eliminates corresponding

elements of the tensor. Table 3-1 shows extinction rules for the

+ +
terms linear in E and quadratic in M in the free energy expression.

. Itf
According to Rado and Ferrari, ) these are the main terms in

+
magnetite, though there exist other terms such as quartic in M

+
or quadratic in E. The present experiments also confirmed

this argument.

Signals shown in Fig. 3-6 are due to the terms EZ~~' EZ~:HZ

and EZ:HZMZ (solid and open circles) and the terms EZM1M3 and

E
ZMZM3

(triangles). (For the coordinate system, see Fig. 3-Z.)

Note that the total magnetic moment confined in the (lIO) plane

does not violate possible symmetry operations , CZR and oR,

where R is the time inversion operator. The nonexistence of

inversion and twofold rotation is evident by Fig. 3-6. To draw a

conclusion on mirror symmetry from the small values shown by

triangles in the figure, however, we should ,eliminate. signals
,

due to the possible errors in the setting of the specimen.
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Fig. 3-6 Output after 40 - 70 pulses versus ~, the direction of

the magnetization within (110). Experimental conditions

are the same as in Fig. 3-5 except ·as indicated.
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Indeed,. the efficiency of the dc pulses along [110]

suggests strongly that the crystal is nearly monoclinic. lfuen the

magnetization is confined in (110) plane, dc pulses showed

little effect to increase the signal. If the magnetization was

tilted to [110] axis by the application of the external field,

dc pulses along [110] was very effective. The phase of the

s~6i:la1 can be reverse.d by changing the direction of the magne-

tization tilting. This means that the electric polarization

lies almost within (lIO)p"lane but rotates to [110] or [110] by

the tilting of the magnetization from (110). plane to [110] axis.

It is to be noted that this fact indicates atomic displacement

due to the change of themagnetizat:Lon direction. Then, observation

of the intensity change due to the tilting of the magnetization

does not make possible the separation of the nuclear and the mag-

netic part of the neutron diffraction in the case of Fe
304 below

T. (cf , Fig.) of the-reference8).)
v

The accuracy of the orientations of the electric field, the

pick up coil and the magnetic field was estimated as approximately

dile degree or less. A signal in the order of 1 pV, or up to 1/15

of the maximum signals for other orientations of the electric

. field etc., was possibly caused by this error•. Nonparallel compo-

nent of the electric field at the edges of the electrodes or that

of the magnetization due to inhomogeneous demagnetizing field

will amplify these spurious signals.

Let us assume that mirror symmetry does exist. Then, two

kinds of crystallographic domains with opposite electric
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Table 3-1 Extinction rules for the free energy, linear in E and

quadratic in M, in a crystal ofC
2h

or lower symmetry.

Each one of the symmetry operations written i.n the

matrix eliminates the corresponding term. For the

coordinate system, see Fig. 3-2.

I, C2 I, C2 I, 0

I, C2 I, C2 1,0

I, 0 I, 0 _I, C2

3 [1101

I, 0

3 1110]

I, 0

I, 0

/

I, 0

[1111

(a)

I
[ 1111

Fig. 3-7 Possible directions of electric polarization with (a)

and without (b) the mirror symm~try. Directions of

arrows in the E.. plane have no meaning. (See Sec. 3-4.)
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polarization should exist in the squeezed and field cooled cry~ta1.

(See Fig. 3-7.) When an ac electric field is applied along [110]

and the magnetization is rotated within (110) plane, perpendicular

to the mirror plane, signals picked up along [110] should be

symmetric with respect to [001] direction because of the mirror

symmetry. Setting errors of the crystal, however, results in

the signal which is antisymmetric with respect to [001]. This

antisymmetric part must be proportional to the symmetric part,

since both signals are proportional to the volume fraction of

the two kinds of crystallographic domains, or the total electric

polarization. The ratio of the antisymmetric part to the sym­

metric part depends only on the setting of the specimen.

On the contrary, if mirror symmetry does not exist, the

electric polarization can deviate from (110) and there are four

kinds of crystallographic domains in the specimen. (See Fig. ~-7.)

In this case, there is an intrinsic antisymmetric part which is

proportional to the [110] component of the total electric

polarization, and this antisymmetric part need not be proportional

to the symmetric part which depends on the (110) component of the

total polarization.

Results of the experiment to clear up this point is shown

in Fig. 3-8. All the signals are normalized to that at e = 90 0
•

H- in the figure means that the measurements wer~ carried out

after the 1-1E poling with e = 50 0
, less than 900

, whereas H+

indicates the }1E poling with e = 130 0
• Signs after E indicate

the polarity of the dc pulses. The setti~g of the specimen was
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No.3: H- E+
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t 0.5 t
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8(0) e

(a) (b)

·Fig. 3-8 Symmetric and antisymmetric part of the signal after

the }ffi poling at e = 50 0 (H-) and e = 130° (H+). E+

or E- indicates the polarity of dc pulses.· Signals

are normalized at e = 90°. Experiment was carried out

at.100 kHz, 15 V , along [110].p-p .
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kept unchanged throughout the measurement. Though the results

are different up to several per cent from run to run, supposed to

be due to the change in electrodes and/or lead wires, the differ­

ence between two groups, No.3, No.8 and No.4, No.7, in the

antisymmetric part is evident. These four give the limit of the

scattering of our results for each case. This proves that mirror

symmetry does not exist and the magnetic symmetry of magnetite

is tric1inic at 77 K. As it is natural to assume that the

symmetry of the 1mV' temperature phase is not higher than that of

the high temperature phase, we can consider that the magnetic

symmetry of magnetite at 4.2 K is also tric1inic: the same con­

clusion as Rado and Ferrari.10)

It is to be noted that the mirror plane in question is (110)

in the rhombohedral domain with [111] or [Ill] axis, but that is

(110) in the [111] or [Ill] domain. Then, [110] pulses in the

[111] or [Ill] domain with the magnetization in the (110) plane

correspond to [110] pulses in the [111] or [Ill] domain with the

magnetization in (110) plane. Qualitative feature of [110] pulses

is expected to be similar to [112] pulses. (See Table 3-1.)

If squeezing was not complete and the [111] or [Ill] domain

existed in the specimen, symmetric part of the signal will appear,

sign of which can be inverted only by the inversion of the polarity

of dc pulses but not by the magnetic field direction during the

poling. Difference of the results for the runs No.3 and 4 or 7

in the symmetric part indicates· that the fractiori of the [11I]

and [111] domain is less than several per cent. This limit is
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consistent with X-ray measurement.

By the rhombohedral distortion~ a hhh Bragg spot splits into

four ~ two of which lie within the (110) plane. According to the

X-ray diffraction of our crystal with Ho'Ka. radiation~ there is

only one (10~10~10) reflection within the (110) plane below T ~
v

with larger lattice spacing th~~ that above T. (See Fig. 3-9.)
v

';Ie expect that the fraction of domains ~ ~\Tith the distortion axis

other than [111] ~ is smaller than several per cent.

3-3-2 Anisotropy of ME effect

As was reported in Sec. 3-3-1 in detail~ Fe
304

is nearly

monoclinic at 77 K and signals were nearly symmetric or anti-

symmetric to (110) plane. In other words~ signals~ or the change

of the magnetization due to the applied electric field, at 8 and

(180 0
- 8) for a certain value of 9' have nearly. the same magnitude

but the signs are equal or opposite according to the direction of

the electric field and the pick up coil, as tabulated in Table 3-11.

Difference in the magnitude of the output for 8 and 180 0
- 8

was composed of t~\TO parts: the intrinsic one and the1eakage of

other signals. (See Fig. 3-8.) The former, the part corresponding

to the breaking of the monoclinic symmetry , was, 56 s1IIJall that it

could not be subjected to a quantitative discussion. We will confine

ourselves to the monoclinic part.

The output was proportional to the applied vo1tage up to

55V, within the accuracy of the experiment. The effect quadratic

in E could not be separated, though the magnetic fie1d dependence
>.

of the electric susceptibility (see Sec. 3-3-4) indicated its

existence.
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Table 3-11 character of the signal with the mirror synunetry

parallel to (110), corresponding to the direction

of the electric field and the axis of the pick up

coil.

[Ill]

[112]

[110]

[Ill]

Synunetric

Synunetric

Antisynunetric

[112]

Symmetric

Synnnetric

Antisynunetric

[110]

Antisynunetric

Anti synunet ric

Symmetric

Symmetric: signal(180°

Antisymmetric: signal(180°
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Fig. 3-10 Experimentally determined ME signal with monoclinic

symmetry, in the case of E f1 [110] and e = 80°.

External magnetic field was 8.4 kOe (e), 10 kOe (D),

12 kOe (A), 15 kOe (0),17 kOe .(0),23.3 kOe (11:1) or

31.4 kOe (6). Solid lines are calculated for the

rotation mechanism;
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Fig. 3-11 Experimentally determined :HE signal with monoclinic

symmetry, in the case of E 11[110] .and e = 50°

Solid curves are calculated for the rotation mechanism.

( 80 )



10

-·c
=> ·c 0
>. => 30 60 70 80
~

0 >.
;:

0
0 ep (0)

:0 ;:
'- 300 60 70 80 :c

'-

ep (0)
0

0 -10
c:
0>

(fl "0
c: EJ/U121

-10 .E /I [112] 0>
(ij

8MI/[112] 8MJ/ run
8 = 80° 8= 80°

-20

Fig. 3-12 Experimentally determined ME signal with monoclinic

symmetry, in the case of E 1/ [112] and e = 80°

Solid curves are calculated for the rotation mechanism.
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Examples of the monoclinic part of the output are shown in

Figs. 3-10 ~ 13 for several values of 8. The signal for an

arbitrary ep was determined by the interpolation of the experdment.aL

points.

According to the tilting of the magnetization from its

equilibrium position, Zeeman and crystalline anisotropy energy,

EO in eq. (3-2), increases as a quadratic function of the tilting

angle.

(3-3)

Here, 08 and oep' are tilting &~gles of the magnetization along

two great circles perpendicular with each other and crosses ~t

the equilibrium position. Note that the circle with constant

8 is not the great circle and ep is not the coordinate. (See

Fig. 3-14.)
000

E88, E8ep, and Eep'<p' can be calculated from eq.(3-2)

for any (8, ep) and H.

In general, the part of the magnetic anisotropy energy

proportional to the electric field, :E
ME

, has linear terms of

08 and oep'. The deviations of the magnetization from the

equilibrium position are determined by the following equations:

d( 0 ME) 0 ~ 0 ~~, + MEas E + E = E88 u 8 + E8<p' U'f £8 = 0,

d doME
.~ = d<P,(E + E ) o.

(3-4)

METhe form of E depends on the direction of the electric field.
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When the direction cosines of the axis of the pick up coil

with respect to our coordinate axes are a, S and Y, signal is

SaSY = OM
a SY

' + (acos6cosep + Scos6sinep - ysine).M~S

+ (- asinep + Scosep)·Moept.
(3-5)

Here, oM is the signal due to the change in the magnitude of the

magnetization without tilting of t~-le spins (non-rotation part)

and the remaining terms are those due to the rotation (rotation

part). Then, for the cases of [110], [112] and [111] pick up,

. SIlO = 0~10 - sinSM58,

Sl12 oM1l 2 + cos6s±nep Moe + cose Moep' ,

SIll oMl l l + cos6coscj> 'M08 - sin<jJ Mo<jJ' •

When the magnetization lies in the (110) plane,

equal to 0 because of the mirror symmetry and oS and

(3-6)

expressed simply,

06 ME 0
E6 lESS'

(3-7)

oept ME 0- - E<jJ IEep'<jJ'o

A S 0 0 thO SId agdnst (Eo
S'

S)-1 ands cos = ln lS case, 110 p otte

5112 or SIll plotted against (E;'<jJ,)-l should lie ona straight

line. The slope gives E~ and E~, multiplied by sinS (= 1),

cos<jJ or sin<jJ, and the extrapolation of the line gives oM as the

intersection with the coordinate axis. When the magnetization

is near (110) plane, Leo, <jJ '" 55°, E~<jJ' i~ small and can be
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Fig. 3-14 Coordinates on a spherical surface, e, ~' and ~.
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Fig. 3-15 Plot of the output against the inverse of the curvature

of £0 along e, in the case of E y [110] and ~ = 0°
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neglected in eq. (3-5) • In this case~ ho~ever, separation of

signals into the rotation and non-rotation parts is possible

only for SIlO ~ as Sl12 and Slll have both 06 and 0ep' terms.

An example of separation of these two parts is shown in Fig. 3-15.

In all cases where the plot as in ,Fig. 3-15 is possible, it was

confirmed that the oM term is small compared with the 06 or oep'

terms. We can thus conclude that the rotation of the magnetization

is the main origin of the ME effect in Fe
304

at 77 K.

In the following~ analysis of £ME will be reported for the

electric field parallel to [110] and [112]. In the case of

(Ill) electrodes, the output was too small and its reproducibility

was too poor to be quantitatively analyzed. (See Sec. 3-3-4.)

A E II [110].

Since the electric field is perpendicular to the mirror

plane in this case, only the terms antisymmetric to (110) appear

MEin the expression of E: • Spherical harmonics expansion of

MEE: ~ives

E:~O = Ella [a' cos6sin6sin4'? + b' cos6sin6cos4'?

+ c' cos 36sin6sin4'? + d' cos 36sin6cos4'?

-- 3 . 3'
+ e' cos6sin 6sin34'? + f' cos6sin 6cos34'?

+ •••••• ],

where 4'? = ep - 55 0
• Hereafter ~ we will confine ourselves to

the spherical harmonics up to the fourth order. Then,
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ME = El l o Ha'sin~Ee + b'cos~

+l (c'sin~ + d'cos~ + e 'sin3~ + f' cos3~)}cosze2

+l (c'sin<P + d' cos e + e'sin3~ - f' cos3<p)cos4e],2

ME E [' , ,2 . 2 .E~, = clIo a cos<P - b sin<P + c cos ecos<p - d'cos esin<P

+ 3e'sin2ecos3~ - 3f'sin2esin3<P].cose.

The problem is to det~rmine six parameters, a' - ft. The

process was as follows.

(3-9)

(i) e dependence of sr~tat ~ = 0° (~
110

b ' + 12:
1
2:

(d' + f') = - 112.5 (± 5)

(d' - f') 17.5 (± 3)

erg/cm3/V/cm,

erg/cm3/V/cm.

(See Fig. 3-15.) S~Io was zero

(ii) <P dependence rot for eof SlIo

plot as Fig. 3-15, gives

in this case.

= 90°, deduced from a similar

b' - - 102 (± 5) x 10-3 ,

f' = 7 (± 2) x 10-3,

a' 3e' 650 (± 15) -3+ = x 10 ,

all in the unit of erg/cm3/V/cm. Since the variable range of

~ in our experiment was only ± 30°, where sin3<P is nearly equal

to 3sin<P, a' and e' could not be determined separately. In this

case, also, o~Io was nearly zero.

Above four conditions on b ", d'andf' give
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b ' 100 :t 5 10-3 3x erg/em IV/em,

d ' 27 ±: 5 'J(. 10-3 ,

f' 7 ± 2 )( 10-3.

(iii) From the e dependence of SIll and Sl12 for ~ = 0,

e' - 3e', was estimated as - 95 ± 10 exg] em3/kV / em on an assumption of

vanishing &~ll and &~12.

We have only two. eondi tions so far on at, c ' and e I • They

rot .
were determined by the comparison of the calculated S with

the measured value in the whole range of e and ¢ where the

expe riment was carried out. Though a I, c ' and e ' giving the

same value for a' + 3e' and c' - 3e' resulted in similar curves,

overall fitting was best for the following values.

at 460 ± 70 x 10-3 3= erg/cm /V/cm,

c' = 120 ± 70 x 10-3 ,

e t = 75 ± 20 x 10-3.

Note that ± for at, c' and e' in eq.(3-11) are not independent

with each other.

Solid lines in Figs. 3-10 and 3-11 are calculated with these

values. As a whole, agreement of experimental points and calcu-

lated ~urves is good, except SIll for lower values of ~ and

Sl12 for higher values of ¢. Since the signals for these

values of ¢ picked up along other directions are well reproduced

by the calculation, this discrepancy can not be caused by the

error in EO. Leakage of SIlO is also eliminated as SIlO is
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symmetric whereas SIll and SllZ are antisymmetric. (See Table 3-11.)

The discrepancy at e = 70° was nearly twice of that at 8 = 80°:

nearly proportional to the ~ component of the magnetization for

the small value of e - 90°. A possible origin of the discrepancy

is the 8M terms in eq.(3-6).

BEll [llZ].

In this case, electric field does not break the'mirror

symmetry and £ME is symmetric to the Q plane.

E [ 2e + b . 2e . 2 + . 2 2
lIZ a cos s~n s~n ~ c s~n Scos ~

+ d cos4e + e cos2esin2esinZ~ + f cos2esin2ecos2~

+ g sin4esin4~ + h sin4ecos4~]. (3-12)

and

ME
El 12 [(-a - d +£e bsin2~-+ ccos2~ + gsin4~ + hcos4~)sin2e

1
+ Z(-d + esin2~ + fcos2~ - gsin4~ - hcos4~)sin4e

ME
El 12

2
- 2(c + fcos 2S) sin2~

(3-13)

£~, = [2 (b + ecos e) cos2~

+ 4g sin2ecos4~ - 4h sin2esin4~] sine.

Now, eight, instead of six, parameters are to be determined.

After a process essentially same as above but mueh more tiresome,

parameters WCLC determined as follows:

e = - 27 ± 4

a = 100 ± 15 XlO-3

e = - 147 ± 15 xlO- 3,

d = 32 ± 10 xlO-3 ,

f = 34 ± 20 xlO-3 ,

h = - 14 ± 10 x10-3,

b =

g

( 89 )
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Again, ± for a, c, d, f andh are not independent.

Solid curves in Figs. 3-12 and 3-13 were calculated with these

values. Agreement between the calculated and observed values

. -+-
is less well than the case of E " [110], though the character-

istic features of the anisotropy is reproduced. oM
l I o

seems

absent in the whole range. For ~ = 0°, this was proved by a

plot as in Fig. 3-15. On the contrary, oMl ll andoMl 12 appeared

in the ~ plane, at higher angles of ~ for the former and at

lower angles for the latter, and seems to decrease rather

. slowly with decreasing e from 90°.

3-3-3 Relaxation of the ME effect

When the frequency of the applied voltage was increased,

magnitude of the signal increased but not so much as is expected

from the increase·of the pick up efficiency. Fig. 3-16 shows the

frequency deperidence of the ME output, normalized at the value

extrapolated to 0 Hz. Again, E and oM were both parallel to

[110] in this case and the magnetization was set parallel to

[001] • The frequency dependence can be explained by the equation:

2 2
Y = et c: +.w TO>' (3-15)

if T is assumed 2 ~sec. Similar frequency dependence waso

observed for other directions of E and oM, and for a specimen

with different dimension (2.3 mm cube).

Relaxation in the ME effect can originate from electric

and/or magnetic relaxation. If the coupling is through the

( 90 )



acoustic phonons (electric field - electrostriction - strain

- magnetostriction - change in magnetization), size of the sample

can also affect the response. The third possibility is rejected,

however, since the same relaxation time within the experimental

error was observed in a sma'L'l.e r sample.

2 use c seems rather long for a relaxation time of an

electron system at 77 K. Galt had reported a relaxation time of

approximately 50 llsec in polycrystallineFe
304 at room temperalure

b th " "t" 1 b"l· 19) H "b d h·y e 1n1 1a permea 1 1ty measurement. e attr1 ute t 1S

to the relaxation in the magnetic domain wall motion. On the

other hand, dispersion in the dielectric properties of Fe
304

20)or Y-Fe203 fine particles at low temperatures was reported.

This was explained by the inhomogeneity of the sample. The

phenomenon shown in Fig. 3-16 does not seem to be correlated to

these two reports. Measurement of the temperature dependence of

the relaxation time would be interesting and important.

3-3-4 Electric susceptibility

To make clear whether the relaxation in the ME effect has

a magnetic or an electric origin t we tried to measure the electric

susceptibility of Fe
304

at 77 K.

Another problem that should be pointed here is the anisotropy of

the ME effect in the efficiency of the electric field direction. '~en

the ac electric field was applied along [111] direction, the

output was smaller by approximately one order Qf magnitude,

compared with the results for [110] or [112] direction of the

electric field. The reproducibility was poor by the change of
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Fig. 3-16 Frequency dependence of the ME effect, normalized

at the low frequency limit. Solid line shows the

dependence with a single relaxation time of 2 ~sec.
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Fig. 3-17 Capacitance and conductance along [112], as a function

of the magnetization direction. The frequency was

100 kHz.
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the sample setting. This was supposed to be due to the leakage

of signals by the non-parallel component of the electric field.

Tilting of the magnetization direction during the poling had

little effec~, in contrast to the case of (110) electrodes~ and

the perpendicular orientation of the pulsed dc electric field to

the electric polarization cannot be the cause. This suggests the

anisotropy in the electric susceptibility, or the relation

between 1: and P.

At the same time, if the terms quadratic in it and linear

or quadratic in Mexist in the expression of the free energy,

they will reflect in the dependence of the electric susceptibility

on the direction of the magnetization.

As was mentioned in Sec. 3-2-4, high electrical conductivity.~

of Fe
304

prevented precise measurement of £ at 77 K. An example

of the results measured at 100 kHz is shown in Fig. 3-17, as a

function of the magnetization direction. To have £', the real

part of the complex susceptibility,. the capacitance in pF should

be multiplied by approximately 20 in this case. When measured

along [111] or [110], capacitance was almost constant for chang­

ing 8, ~ being kept 55°. ~ dependence for C = 90° was similar to

Fig. 3-17. Capacitance along [111] was smaller than those along

[112] or [110] by about half an order of magnitude.

At lower frequencies, 1 or 10 kHz, the capacitance was much

larger than those at 100 kHz but the conductance was nearly the

same. However, the reproducibility of the measurement at these

frequencies was poor 'and we could not have reliable data. On
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the contrary, capacitance was so small at 1 MHz and the bridge

could not be balanced. Qualitatively, a large dispersion in £

was evident and we suppose that the relaxation in the ME effect

shown in Fig~ 3-16 has electrical origin. Here again, temperature

dependence is interesting, though the measurement will be difficult

at temperatures higher than 77 K. Small ME coefficient for the

electric field along the [111] axis seems also to be attributed

to the small £ along this direction.

Dependence of £ on the direction of the magnetization

+
shows the existence of the ME free energy term quadratic in E.

Strength of the external magnetic field or even the reversal of

the magnetization direction did not af.fect the capacitance, and

+
the term should be even powers in M.
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§ 3-4 Discussion

3-4-1 Electric field dependence of the magnetic anisotropy

In the last section, it was disclosed that the ME effect of

Fe
304

at 77 K is mainly due to the rotation of spins, though the

non-rotation mechanism could not be totally excluded. The

non-rotation terms, OM, were too small to be analyzed quantitatively.

As for the rotation terms, magnitude of the parameters given in

Sec. 3-3-2 should be considered tentative, since we have no direct

evidence for the saturation of the electric polarization by

the ME poling. However, considering the reproducibility of the

experimental result~, we believe that these values are not much

smaller than the proper ones. At any rate, relationships between

aI, ••• , f' or a, ••• , h are correctly given.

To interpret these parameters, we will assume that the

magnetic anisotropy depending on the electric polarization, P,

is small compared with the total anisotropy and is proportional

to a monotonic function of p. Since we consider here only those

+
terms consistent with the mirror symmetry, the P dependent

magnetocrystalline anisotropy energy can be expanded as fellows:

ME K
20o.b

2 2K
22

a a K22c (o.a
2 a 2)£11 sac c

4 2 2 2 2+ K
40o.b - 2K42so.b o.ao.c - K42co.b (o.a - a )

c

2 2
K44c(o.a

4
- 6d'

2 2 4+ 4K
44

a a (a - a ) + a + a ).Sac a c a c c
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a
c'

a
b

and aa are the direction cosines of the magnetization with

respect to [001], [110] and [110] axes, respectively (see Fig •.3-2),
,

and the terms sixth or higher order spherical harmonics were

13)neglected. ' The electric polarization connected to this anisotropy

is parallel to the l plane, when the magnetization lies in the

same plane.

Application of the external electric field along [110],

+
the b axis, rotatesP without the change of its magnitude, and

thus results in the rotation of the principal axes of £~ out

of the l plane, without the change of the magnitude of K's. If

we denote the small rotation of the axes around [110] axis by .

Oa and that around [001] axis by oc,

On the contrary, if the electric field is applied along [112],

parallel to the ~ plane, the electric polarization changes its

magnLtude and is rot ated around the b axis. Then,
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(3-18)

Here, oK' s are the change of the anisotropy constants and ob

MEis the rotation angle of the principal axes of EA' around the

b axis.

There are 19 unkown parameters in eqs.(3-l7) and (3-18),

eight K's, eight oK's, oa, ob and Oc. On the above assumption

MEbetween P and E A ' however, K' s are determined by P and oK' s are

proportional to OP and (K/oK)'s, determined by P!oP~ are constant.

If we define new parameters, A= oa-K/oK, B = ob-K!oK and

C = oc 'K/oK, the number of independent parameters are decreased

tu eleven: eight oKls, A, B and C. These parameters were

determined from the condition that the sum of the difference

between calculated and experimentally determined a- h and a' - f'

should be minimum. There are two minimal points with almost the

flame value of the difference and the two sets of parameter values

are shown in Table 3-TII. In both cases, fourth order terms are
,. . 3

much smaller than the second order terms. 100 erg/em /kV/cm

-4 -1· ..
corresponds to 1.3 x 10 cm /Fe304/kV!cm' and should be compared
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Table 3-m Electric field dependence of the magnetocrystaliine

anisotropy constants

Gase 1

3 .
(erg/em /kV/cm)

Case Z

OK20 100 ± 10 105 ± 10

oK22s 45 ± 5 - 90 ± 5

OK22c 40 ± 8 18 ± 5

OK40 - 5 ± 3 - 9 ± 3

oK
42s 6 ± 3 12 ± 3

oK
42c - 9 ± 3 - 5 ± 2

.OK
44s 2 ± 2 2 ± 1

OK44c 1 ± 1 3 ± 1

A :=: oaK/8K

B :=: obK/~K

C :=: ocK/8K

2.4 ± 0.5

1.4 ± 0.4

6.5 ± 0.4

12.5 ± 2

0.7 ± 0.2

- 17 ± 1

<f> of the e1ect.ric
- -IS ± 5° 109 ± 5°polarization

<f> ·of the principal - 11 ± 5° 106 ± 5°
of ME in theaxes £A

E- plane 79 ± 5° 16 . ± 5°
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-6 -1 3+
with 1.1 x 10 em /Cr /kV/cm for Cr

203
at 4.2 K (see Sec. 2"";3-3)

-6 -1 . 21)
or 9 )( 10 em /kV/cm for ruby at the. room temperature. .

The electric susceptibility of Fe
304

at 77 K is approximately

50 times larger than that of ·Cr
203

(see Sec. 3-3-4) and the electric

po1arizati~n dependence of the magnetic anisotropy energy is

almost the same. Considering the large difference in the total

anisotropy energy, ME effect in Fe
304

is weaker than that in

+
By the electric field applied along the b axis, P will tilt

to the ~ axis, or rotate around the axis perpendicular to both

CP and the b axis. Then, the azimuthal angle of P, ill , can be
p

-1
estimated by tan (C/A) . On the other hand, the principal axes

of the second order anisotropy is determined from K
22s

and K
22c'

These angles are also shown in Table 3-m. In both case 1 and

case 2, one of the principal axes of £:: c;qinciqes \Il:it1;J.t't1.e

direction of the electric polarization within the experimental

error. If we take a Cartesian coordinate (s, n, ~), where ~ is

along the direction of the electric polarization and n is pa~al­

ME
1p i to the 12.. axis, the second order terms in £ A are expressed as

3
(erg/em /kV/cm) for the case 1,

and

for the case 2,

where a. is the direction cosine of the magnetization to the
1.

axis i. Here, let us try the order estimation of £~

( 99 )
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present approximation, the magnitude depends on the electric polariza­

tion. If this is 1 llC/cm
2, for example, K's are approximately 3 times

as big as oK' s for 1 kVI em of the external electric field, since

the electric susceptibilities along [lIO} and [112] were about 500

(see Sec. '3-3"':'4). Then,the magnetic anisotropy energy accompanied

by the electric polarization is the order of 10 3 erg/cm3 • This

small value stron?ly su~gests that the ~~ effect does not play a

primary role in the phase transition of Fe
304

at Tv but only

a secondary one. At the same time, this supports our assumption

ME 0 1 13)of small £A and the calculation of £ • from the data of ADe at a. ,

where no poling: was performed on the specimen.

The assumed ratio of 3 for K/oK gives the tilting: an~le of

the principal

(case 1) or 5

'. ME
axes of £A '

-3
x 10 (case

. -3 .
oa etc., up to 2 x 10 radian/kVI em

2). ~In the case of ruby at 300 K,

the tilting of the spin axis due to the electric field perpen-

. -5 21)
dicular to the c axis was es timated as 1. 6 x 10radian/kVI em,

The difference of the electric susceptibility being t~keri into

ac~ount, th~ tilting angle is almost th~ same for Fe304 and ruby.

3;...4-2 Low temperature phase of Fe
304 and the character.

of phase transition

lriSec. 3-3-1, it was disclosed that the low temperature phase

of magnetite is triclinic at 77 K. However, the breaking of mirror.

symmetry is much smaller than the breaking of inversion or nvo--fold

rotation. This was concluded from the fact that the difference

of the antisymmetric part in two measurements, after the ME poling

( 100 )



with 8 larger and smaller than 90°, was only several per cent of

th t t 1 ' 1 ltd d"ff' , 12,14) J.'te 0 a sJ.gna. n repor e J. ractJ.on experJ.ments,

seems that the existence of the (4,4,1/2) reflection with an

intensity of less than several per cent of that of (4,4,1/2) or the

broadening of (4/;',1/2) due to the splitting by the order of 0.01°

has not been eliminated, and hence the present result is not

necessarily inconsistent with the diffractiori experiments, The

smallness of the breaking of the mirror symmet'ry suggests that it

is caused by a perturbation of some higher order interaction and,

as the first or.der approximation, magnetite at 77 K can be considered

as monoclinic.

In 'Sec, 3-3-2, existence of non-rotation term was reported

when the applied electric field was parallel ~o [112] axis and

the pick up coil axis lay within the b plane, The term became

larger when the angle between the wagnetization and the pick up

coil axis increased. This induction of the magnetization perpen-

dicular to it without the rotation of spins, can not be explained

in a colinear spin structure and leads to a mOdel with two or more

spin axe.s ,

A-sife 8-site

81

t 6M
82

Fig. 3-18 A model of the non-o-otat.Lon term. Magnetization is

induced perpendicular to the direction of net magneti-

z atLon ,
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splitting of spin axis should occur in the B site.

Consider, for example, that the sub1attice moment in the B

site is composed of ~1 and ME2' directions of which are little dif-

ferent, though both lie on the ~ plane. (See Fig. 3-18.) If

the. exchange coupling constant between the A and the B
1

sublattices

(J
AB1)

increases with the application of the electric field within

the- E. p Lane-iwhe re as that between the A and the B
2

sublattices

(JAB2) decreases, ~l increases and the total magnetic moment

changes perpendicular to itself without the rotation of spins.

Ext~rnal magnetic field does not affect this effect and this gives

a mechanism of the non-rotation or oM terms in Sec. 3-3-2. This

assumption of non-colinear spin structure also gives a natural

explanation of the decrease of the net moment at T. Accordin~ to
v

the precise measurements by Umemura et al. 22) and Matsui et al.
17),

magnetic moment measured along the easy axis decreases by 0.1 %:

2+
If only Fe·

spins tilt without change in magnitude, the angle between two spin

axes is estimated as about 2.6 0
..

Recently, M.Mizoguchi repor-ted a precise experiment of the

magnetic resonance of Fe
5 7

nuclet in a single crystal of Fe
304

at

4.2 K. 23) According to his experiment, there are five kinds of

Fe 3+ ions on the B site, four of which locate on b-lines, i.e.,

the nearest neighbour sequence of B sites along the ~ axis, and

there is only one kind on ~-lines. Mizoguchiana1yzed his results

and proposed four models of the charge ordering scheme. He argued

that there might be no change in the charge ordering at the transition

near 10 K, since no change was observed inNHR lines. Of his four

models, No.2 has an.~ glide plane perpendicular to the ~ axis and
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is consistent with our conclusion. However, this charge ordering

model has inversion center. To explain the existence of the ME.

effect, some other parameters for the low temperature phase, e s g , ,

b5 mode of atomic displacement, should be introduced. Large electric-,

susceptibility and long relaxation time being considered, there is

a possibility that atomicdi~placementscorresponding to an optical

phonon or the p2r.f2 term in the free energy plays some role. OlL

the latter possibility, it should be noted that this term can be

the origin of the observed ME effect.

Competition or cooperation of two different origins of the

low temperature transition was already suggested in 1975 by

Chikazumi25) in connection with -the temperature dependence of the

critical neutron scatterinl) and that of the anomaly in the. cubic

magnetic anisotropy constant anQ the elastic constant C
44•

One

dimensional diffuse scattering of neutrons or electrons above

26 27) . .T ' shows a temperature dependenced~fferent from that of
v

(h,k,~+1/2) type critical scattering.9) The temperature dependence

of the magnetic anisotropy also suggests two kinds of order param­

28)
eters below T • The existence of the inversion center wou.Ld

v

not be a serious weak point of the model.

On the other hand, Mizoguchi's model has been received bitter

complaints from diffraction experiments. 12,14)It was argued that

there is a £ glide, instead of an ~ glide plane and the monoclinic

unit cell is not primitive but base centered. However, any charge

ordering model satisfying these two conditions can not explain

conclusions of Mizoguchi that there is only one kind of Fe
3+

ions
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on ~-lines that have a principal axis of the hyperfine field

perpendicular to the § plane, if we accept his assumptions* which

seems plausible. Still there is a conflict concerning the symmetry

of the low temperature phase of magnetite, but the point is out

of reach of-the ME effect. We can only emphasize the importance

of making experiments on a single crystal and the necessity of ME

poling to have a single crystal of Fl?304 below Tv.

oJ~ 1. The anisotropy of the hyperfine field at the nuclei of

Fe3+ ions is mainly due to the magnetic dipole field produced

by neighbouring cations.

2. Electron configuration on the six nearest neighbour B

site determines the symmetry of the anisotropy.

3. Andexson's xestriction24): in an tetrahedron composed of

2+four nearest neighbour B site, there are always two Fe and

F
3+ .

e lons.

4. Equal populations of Fe
2+ and Fe 3+ fons on a £. plane.

( .104 )
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CHAPTER 4 SUMMARY

Magnetoe1ect:i,c effect was investigated for t1;'110 materials

in this thesis. One is antiferromagnetic Cr
2

0
3

which have been'

studied most-extensively, and the other is ferrimagnetic Fe 304

below T , the low temperature transition point. The effect was
v

quantitatively analyzed especially for the electric field parallel

to the ~ axis in the former case and the crystal symmetry at 77 K

was determined and the part of the magnetocrysta11ine anisotropy,

which is accompanied by the electric polarization, was estimated in

the latter case.

In Chap. 2, studies on the ME effect of Cr 20 3 is reported.

ME susceptibility (~) was measured carefully and precisely by a

SQUID magnetometer, and electric field effect on the antiferromag-

netic resonance (AFMR) was examined and the shift was observed at

4.2 K to clarify the mechanism of the ME effect.

On the measurement of a, results are summarized as follows:

1) The linearity of the effect and the sign of a was directly

determined. When parallel HE cooling is adopted along the .s axis,

aff in the high temperature region is positive whereas au in the

low temperature region and a~ are negative.

2) The characteristic values of a are determined as follows:

a 23. x 10-6
II max

T 255 K.max

af/4.2K 1.2 x 10-6

Ta:=O 87 K

aJ.4.2K = 7. x 10-6

(cgs/g)

(cgs/g)

(cgs/g)
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3) The temperature dependence of a is similar to that of previous

reports, though the values are larger than those previously reported

except for t~e case of aH4.2K' data of Mercier in this case was

suspectied to be due to the. se.ttingerrors of the crystaL

4) aJ.4.2K is about 5 times larger than the value of Ast rov ,

ME cooling along. the. c axis probably made this difference.. Tilting

-3of rne spin axis, which explain the value of aJ., is 3 x 10

radian/kV/cm if S = 3 ~B/cr3+ is assumed.

5) If the tilting of the spin axis is due to the tilting of the

principal axis of the one-ion anisotropy, that is 200 times larger

than that of Cr3+ in ruby.

6) all at 4.2 K gives the value of og on the assumption that oS 0:

-8log I = 3. 5 x 10 . at E 1 kV/cm.

7) An extraordinary effect was found in one crystal.

Electric shift in AFMR of Cr203
at 24.2 GHz was successfully

observed at 4.2 K for the first time by the use of ac electric field

. modulation. The sign of the electric shift was inverted by the

i~vcrsion of the direction of ME cooling. Results were as follows.

8) The electric shift for the Imv frequency mode is megative when

parallel ME cooling is applied along the s: axis: the AFMR frequency

is lowered if the electric field is applied parallel to the magnet-

ic field.

9) On the sign and the magnitude of the electric shift, contri-

butions of mechanisms of parallel ME effect in Cr203 were separated

experimentally. Assuming oS = 0 and using: the value ofog given
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above 6), oD is deduced as

oD = 1.1 x 10-6 -1cm at E 1 kV/cm.

This magnitude is only one tenth of that on ruby.

10) Not only the magnitude but also the si:gn of oD can not explain

au in high temperature region.

Studies on Fe 304 .are reported in Chap. 3 •

. 11) The crystal symmetry at 77 K was determined to be "1 "

However,

12) Breaking of the mirror s ymmetry parallel to the b plane was much

smaller than that of inversion or two-fold rotation parallel to the b axis.

13) ME poling is effective to make the crystal detwinned: Fe
304

is ferroelectric at 77 K.

14) A Richter type relaxation was discovered in the ME effect.

The relaxation time is 2 11S at 77 K. This seems to originate from

electric relaxation.

15) Magnetic field dependence in the electric susceptibility was

observed. E: measured at 100 kHz is about 200 at 77 K~

16) The signal of the ME effect was separated to the rotation and

the non-rotation terms, by changing the strength and direction of

the external magnetic field. Parameters expressing the rotation

term were determined for the external electric field parallel to

[110] and [112] axes. The magnitudes are up to the order of 500

3erg/cm /kV/cm.

17) The magnetic anisotropy accompanied by the electric polari-

zation was deduced from the anisot.ropy of the ME effect. Two
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possible directions of the electric polarization were estimated

from the rot~tionof the coordinate and from the principal axi&

of the anisotropy. This part of the magnetic anisotropy energy

is much smaller than the net anisotropy energy.
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