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Abstract

Magnetoelectric (ME) effect in two oxides was investigated.
One was ac antiferromagnet, Cr203, and the other was a ferrimagnet
Fe304,

To study atomic mechanisms, electric shift of the'antiferroe
magnetic resonance (AFMR) as well as precise measurements of the
ME effect was performed in Cr203. The use of a SQUID magnetometer
in a measurement of ME susceptibilities (a) of Cr203 from 1.6 to
270 K was reported. The sensitivity of the magnetometer was about
10—8 emﬁ. 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 Qere determined and

8

§g at 4.2 K was deduced from =-3,5%x10° atE-=

%42k 08
1 kV/cm after the parallel ME cooling. An unusual temperature
dependence of o discovered in a crystal was also reported.
The shift caused by the electric field parallel to the ¢ axis in
the AFMR of Cr203 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), 6D was evaluated as - 1.1 x 10-6 cnfl at E =
1 kV/cm. This magnitude was about 1/10 of that of Cr3+ in ruby.

ﬂE effect at 77 K confirmed that the magnetic crystal symmetry

of the low temperature phase of Fe O4 is triclinic but the breaking

3
of the mirror symmetry parallel to the (110) planme is very small.
Anisotropy and external magnetic field dependence of the ME effect
in Fe304 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



machanism, though the existence of the non—tilting'mechanism could

not be excluded.

by electric polarization, which has mirror symmetry parallel to

the b plane, was analyzed'by'sphefical harmonics 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° ffoﬁ [111] oxr + 19°
from [iiZ] within the'b plane.- Dispersion of the ME'effect- relax-
ation time of which was approx1ma*ely 2 psec, and ‘the anlsotropy

in the eff1c1ency of the dlrectlon of applled electric f1e1d was
discovered and was attributed to the dispersion and the anisotropy
of ;he electric susceptibility, on a preliminary méasurement of

the electric susceptibility, The structure of the low temperaturé ,

phase was discussed briefly in commection with the model proposed

by Mizoguchi,

The main part of the magnetic-anisotropy;accompanied
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CHAPTER 1 INTRODUCTION

Classification of the 122 Shubnikov groups

according to "magnetoelectric types"17)

5 Shubniko int groups
Tapeof ordering Permined terms of bbb aaii
Magnetic | Electric | $tored freeenthalpy ¥, not permitred ¥, perminted
P » £ ExnL L RIS IS TR I
4mm1°, 31, ImY’, 61, 6mm}”
o Id E HEE EHM | 6, 6'mnt"
L] I 4 E EH HEE EHH | &, 8'mm’
M I 4 E H EH HEE EHR
M ? M EH HEE EHH 3. ax2, 32,6027
M I 4 H HEE EHH | 8,8m2
A o H HEE m.m.!l?ml.ln'm'm.l.'m.
4 mm'm’, 3, 3m" §:m, 6. mm'm®
223,422, 32m, 4227, 32", -
a ’ BN HEE EHH | 61, B2, 23,83 L2 8B
T » HEE EHH | 82,672
Y » EH R, 0, &', A, T, 2ien", e, smmms’, 41,
- ¥m', 6'm'm'r, 432, 3. "3’ 4m'mm, 3, 3m, 6'm’, 6!l mm
[_ a - 0 mmm, & ;m, smmm, & immny’, 6, mmer
- - - HEE -
P .
4 V4
D P 17, 42217, 32m1°, 6221°,
321%, 817, 8m21°, 2317, 33m1°
IS - -
L3 r
1 Id
D o
6:m1°, 6'mmmi’, m31°, m3m1’
*Weak fo getism™ (Dazialoshinsky 1957)7 permitted, corresponding Shubnilav groups . .
- determined by Tavger'® for nearly unlaxial antiferromagnets, -
1 _ 1 “Wesk ferroclectricity™ permitted.
Type of order: M = pyro-, [2rro-, or fesrimagnetic; P = pyro-, ferro-, or ferriclectric: 57 = antift ic; Pw antiferroclectric or orthoel
D-di i, or p e, or antifer i; 0 = orth ic, o¢ paraetectric, or antiferroelectri
¥, = invasiant velccity vector.33-33 . . -
H: spontancous magnetization permitted; £: larizati itted; EH: linear Jectric effect itted; EHH: d-ord
Tectric eifect (1) (™ tectric effect™),'® pi icity, Packels effect, etc., permitted (see Table 11); HEE: second-order

ic effect (T pr ism, “Mockels™ effact,*® c1c., permitted (see Table I).
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Electric and magnetic response of materials have been main .

problems in solid state physics and substances with sppntaneoﬁs

- 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 maghetic field and electric polarization is that

of an electric field. In other words, the caﬁegories of fe;fo-
magnet§ and'ferroeléctrics weré regarded as iﬁdependent oné and-
did nét overlap. The interaction between tﬁe magnetic moment aﬁ&
the eleétric polarization; however, exists in_some materials. In
such materiéls,'fhe ﬁagnetization‘can be induced by the eieétriér
field and electric polarization can be induced by the magnetic
field. Théée'phénbmena are called_magnetoelectric ( ME ) effect.
Possibility o% the linear ME effgcﬁ; aﬁ appéarance of the pdlari—
zation propo£tiona1 fo the appli;d field, was proposed already in A.
1894, though the existence of this/effect in a magnetically disor-
dered material was rejected by Van Vleck in 1932.1) The first
corfect'pfédiétion'of'iipeaf ME effect was made iﬂ 1957 by Landau
and Lifshitzz) on ;he symmetry cénéideration fpf magnetically-
orderéd crjstals. vAntiferromagnetic CrZO3 &as propééed'ésva céﬁdi—

3) 4)

date By Dzyaloshinski in 1959 and was really observed by'Astrbv_

5)

and Folen et al. in 1960. Since then, more than 30 materials'havé

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)



Thése effects depend on the-ﬁagnetic symmetry of the ;rystal,
which also affects other physical phéﬁomena. The'impo:taﬁce.v ‘
of T, invérsion of space, in thé dielectric.propetties of s&lidt
is well known. If a crystal has I as a symmétry elemenﬁ, thé
crystal can neither be pyroelectric nor piezoelectric. vIn_the
magnetic phenomeﬁa; there is anotﬁer importﬁnt symmetry operatof,

R, which expresses time reversal or the reversal of magnetization

. and magnetic field, The point group of the magnetic crystal should

be augumented by this operator'and be extended.

In this chapter, outline of the investigations 6n the ME effect 7

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

(3)



§ 1-1, Thermodynamic Potential and Magnetic Symﬁetry

In their famous text book, Landau and Lifshitzz) discussed
theAthetmodynamiewpotential.of a materialrplaced ih”uniform' :
fields from the stand point of the symmetry of the crystal

When the'external electric and the;megneticpfields (E and H) are

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

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

el
#
e
o+
B

- 1 ‘ - l L N N N}
= 3 eijEiEj 5 xleiﬁa +
- oy 5Bl - By i EE - YijkEiHij ' kIEJ. SEH

4 cessee . - : (1—1)

. & -
Here, Fo is the part of the free energy without cross terms of E

-
and H and F} is the part of cross terms. Electric polarization
(P) is deduced by the relation P = - BFIBE and magnetization (M)

is deduced from M = - BF/BH.

i . . = ‘ -o‘. ) — A
] Pi JEJ + o, JH + B Ek IJkHjH.I +. : o (1-2a)
= 4 oo . -— 4

M x..H, + o, E + BijkEjEk + Y..kEij . (1-2b)

i ii 3 ij 3
Here, eij is the electric and Xij is the magnetic susceptibility
and Yijk

tensor. aij is the linear ME susceptibility tensor, B'jk

are the second order ME susceptibllity tensors and 9. ‘kl

the third order ME susceptibility. The problem_is the property of

these tensors which determines the ME response of the material
Phy51ca1 properties of the crystal are c103ely related to the'

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

form of sosceptibility tensors,is determined by the point symmetry

(4)



of the crystal. Consider the case of the linear response, for a

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

cal quantity.(§) and an applied field (i):

$-i.%.

a3

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

to the operation,

0% = a.(UX) =U-CA%).
Then,
i=vl.i0.

This condition should be satisfied

In the case of the ME effect,

a-4)

(1-5)

for all the symmetry operators.

it should be noted tﬁat ¥ is an

> . o
axial vector when X is a polar vector or vice versa. Inversion I

and time reversal R play special'fole‘in such a case. According

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

P, = «a, H,
i ijjo

. o, .E,
i ij 3,

and

is expressed as

- (1-6a)

(-b)

i) - when R ié a symmetry element of the crystal,

RE=TF

?

=t

4 >
RM=-1

‘-and'eq.(l—é)'leads to

(5)
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[a]

-
Rt
[}

!
Qi

&, and & = 0: no linear ME effect is expected in
: paramagnetié or diamagnetic materials.. This was the point .

made by Van Vleck.

ii) When I is a symmetry element of the crystal,
> -
IE=-E,
: > >
- IM=M,

and 2q.(1-4) leads to

§=-ﬁ.(=ﬁ). -
Then, @ = - &, and @ = 0: a crystai with inversion can not
show the linear ME effect. It is noted that the;magnetic
material wifh'the spontaneous magnetization and linear ME
effect can not possess inversion as a crystal»syﬁmetry;6)

fhe symnetry of property tensors of materials i$ determined
by the point group of the crysfal. - There are 32 classical crystai
classes.augmented by 90 magnetic crystél ciasses:_ 122.grystal’classes

in total.7)

It was verified that linear ME effect exists iﬁ 58 of
90 magnetic crystal classés'énd their tensor form were diviaed:into
11 different types.s) They are.shown in Table 1-I with examples.;
About thirty materials have been-found to show the liﬁear ME.effect;
The list of them was giveﬁ in several review articles.§’859)
Naturally, crystals with the same atomic struéﬁurg can ﬁe‘dif—

ferent in the ME properties when the magnetic sﬁructgre_is different.
For examle, Cr203,-aFe203 and OLA1203 are isomorphous in the-atomic

structure but are different in magnetic structure,

(6)



Table 1-I. Magnetic crystal class and ME tensor o with an example.

Magnetic crystal class ME tensor .| Example Symmetry
- @11 @1p @13 1 i
1, 1t , 0oy CGo2 Co3 Fe304. O,) 1
: a3y agz o3z | T
ey @13 0 C O 11) ' + : - -5
2, m' 2/n' o 021 022 O DyO0H 2/m* a '=9.,8x10
’ ’ 0 0 033" ) P-V ’
- 0 0 a3 -
2', m, 2"/m - -0 0 dpg ErOOle) 2'/m a T 4,5 x 10-4
‘ ‘ azy; azz 0 , , P '
222, n'mn'2, m'm'm' 0 a0 O TbA10, n'm!m’® e1;=2.2 X 10
0 0 33
g 00 0 14) - -4
22'2', mm?2 , n'm2', m'mm 0 0 os3 LiFePO, “m' mm a3p= 1.0 x 10
o 0 a3 O : ) B
4’ Z" 4/m" 3, §': .6’ 6’ 011 G312 0 )
6/m' _ -010 031 O
| 0 0 o33
- aj; @12 O
4', 4, &'/’ ajp-011 O
' 0O 0 O
422, 4n'm', 4'2n', 4n'm'm’, aj; 0 O : 15) _ s
32, 3a', 3'm', 622, 6m'm', 0 a;p 0 | Cr,0, 3'm’ a33= 1.2 % 10
6'm'2, 6/n'n'm’ ‘0 0 o33
422, 4m', 42m, 42'm', ©;; 0 . O, 16) , -3
4 /m"mm' ‘ 0~-0y; O DyPO,” 4'/m'omm’ o33= 1.2 X 10
) ' 0 0 O .
4227, 4m§,AZ'2'm, 4/m'mm, 0 a2 O
32', 3m, 3'm, 62'2, 6mm, . | -032 O O
6'm2', 6/m'mm 0 0 O
: 5 _ - . 031 0
2m, m'3, 432, 4'3m', n'3m’ 0 o371 O
0 0 c11

"% o312 and apj are non-vanishing elements instead of az3 and a3j.

f ab is the value measured for a polycrystalline sample.

(7)



Cr203 has IR, aFe203 has I and o:A1203 has I andvR'aS'the symmetry
operation and ohly Cr2 3 shows the linear.HE effect in the antiferro—-
magnetic state. Even in a crystal of high symmetry in its atomic
structure, ME effect can exist when the symmetry of its magnetic';
structure is low. Materials with triangulér qr>conical spin structurg
such as CuCr204 or M’nCr2 , are expected to be ME materials; It
is also to be noted that the magnetic symmeﬁry hf a ferromagnet
is'dependentAon the spin axis which can be changed by the externé11
magnetic field (see chapter 3).

ihe same sort of conSidérations can be adbpted'to the higher
order ME effect, corrésponding to thé terms BHEE, Yﬁﬁﬂ or GEEHH ih
eq.(l—i).17) If R exists, all eleﬁents Vof'tensof Bimnst'be'zero
and if I exists, all elements ofAtensor Y must be hero. On'thé
Chntrary, tensor 9 exisfs in all cases but the magnitude is nét
detectable, in usual cases. When the crystal is sponéaheoﬁsly
polarized, electric or magnetic, the crystal lacks I or K. The
second order ME éffect was really observed in such cases: B %aS<'

- found in the garnet famllyls) (YIG, 19) GdIG 20) DyIG21)) and Y was-

found in the piezoelectric paramagnetlc crystal N1504'6H 0. 22)

§ 1-2f " Experimental mgfhod of the ME effect meashrement.

| From eq.(1-2), it is clear that there are two alfernafive wéYs
to detérmine thé ME susceptibility tensof.» In ohe way; the magneti-
zation induced by the.applied electric field‘is_detectéd. .In the other‘
way, the electric polarization induced by fhe applied magnetic field is

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

(8)



high sensitive detector and/or high applied field is necesséry.
The magnitude of o is'typically'in the order of 107>n 1070 in Gauss
unit.(See Table 1-I,) (In Gauss wnit, o is expressed by a dimen-

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

effect may be- d1v1ded into three groups.

,5) 23)

a) ac method:' induced magnetizatlon or electrlc polarizatlon
by epplied ac field is detected as output of a pick up coil
or of electrodes.A The frequeney of the applied field is ﬁsually
l&'IOORHz. The signal iﬁcreases proportionally to the frequency,
setting the lower limit of w, but the spurious output leaked
airectly from input to the pick up system isvpreportional to
w? 24) and sets the higher limit of w, though much effort
have been attempted to suppress the coupllng. Lock—ln ampllfler
is usually used to‘eliminate the noise.
b) dc method; induced polarization by statically applied field
is detected by a hlgh sensitive magnetometer (astatic magneto—
meterzs)or SQUID magnetometer )) or an electrometer.27x
Beck ground leakage is negligible in this case but the output
is so small that the high applied field and the hlgh sen51t1v1ty
of the detector are necessary. Avallable magnetlc fleld is
much higher than the electrie field and, in this sense, the
detection of the electric polarization'due to the applie& mag— t
netic field is easier, if the input impedance of the detector is
high enough. However, the static measurement of absolute value
. of the electtic polarization is not easy; Precise-measﬁrement

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

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

(9)



than'the resistance of the sample.
c) Pulse method: inauced pola;ization by pulsed field ig
detected.zs): .
It is to be noted'that the meésurement,of the absolute value of
- @, or the calibraﬁion of the detecting system,,is'nmch éasier for
the mggnetié detection than tﬁe electric detectién,

The higher order ME effect can be‘measﬁred similarly to the
linear effect by superposing de biasing field, Eo or Ho’ and aé

modulating field, E,sinwt or H,sinwt. The output at the frequency

1 1
w tional to E E H 18,22) Anoth ris t : ’
was proportional to E E; or oHl' SIS o re? way is to meas .
ure the magnetic field dependence of the electric field susceptibility

(for 8519)

or the electric field dépendence of tﬁe magneﬁic,suséep—
tibility (for y). Since the term BHEE (YEHH) is quadratic in thé.
electric (magnetic) field, 28H (2YE) correspoﬁdé to the electric
(mégnetic) susceptibility.
In Fe304, the third order effec;, aEEHH,:Was‘détected“by'meas-
uring the magnetic field dependence of the eiectric.suscepfibility(e),
‘e was dependent on the direction of.the magnétization, but the
reversal bf the magnetic field, thus'the magnetization, résulfed
in little difference of ¢ indiﬁating that.the effect is not due to
the BHEE term but due to the SEEHH term. (See Chap. 3.)
| -It should be noted here that the sign of the ME effect lipear’-
in E'or H is dependént on the direction of thg e1ectric o? magnetic
polarization. The direction of polarizétiqns should be determined:—;
before the experiment. If there are eqﬁal amount of domaips with
‘opposife direction of>polarization, MEAeffecgvis not detectable.
~In the case of Cr,0, where IR is a symmetry eiement and there ié

273
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‘no electric or magnetic polarization, the situation is a little

different. In this case, an antiferromagnetic sublattice composes
of one atomic site which shifts up or down along the ¢ axis

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

The sign of the ME effeéﬁ depends'on the correséoﬁdeﬁ;;.

of these two kinds of sublatfices and ME cooiing, i,e.,

the simultaneous application of electric and magnetic field as the
29,30)

material is cooled through its Néel temperature T,

neces-
N

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

of ME cooling, one domain will have ailower'energy than the othef
according to the direction of the electric and mégnetic fields.

In the case of Fe304, a ferroelectric ferromagnet, both electric

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

izations are not determined, detected ME signal can not be repro-

10)

ducible.’ The interrelation of two polarizations should be con—

sidered to make a crystal of single domain.

§ 1-3.° Mechanisms of ME éffect, in special reference to Cr203.

The first proposal of an atomic mechanism.of ME effect-was-

made by‘Radosl) for Cr203. Cr,04 crystallizes in the corundum

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

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

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

Each cation site composes antiferromagnetic sublattice and IR, not

I, becomes a symmetry operation in the antiferromagnetic state.

fo 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 sublattices
become inequivalent. Rado poinﬁed out that by such a shift of

cations one-ion anisotropy constanﬁ.D in one and the.other,sublaftices
inciéasés and decreases, régﬁecﬁively, proportionalutévthe‘applied
field and resulted in the difference in the magnitude of two sub-—
lattice'magnetizations. Wﬁeﬁ‘fﬁe‘electric field'is.appliéd perpen—A-
dicular to the c axis, axes of the cryst#liine field~afe'ti1;ed'
because of the odd part-along the é axis.. The tilfing is in oppoéite
sense for each antiferromagnetic'sublattice. Thus, the eaéy axis

of the -spins is‘tiltedAfrom the ¢ éxis, in opposite sensé fﬁr‘each
sublattice, and total magnetic_ﬁoment appears along tﬁe ééplied
haéveéual numkef‘of two

field, On the contrary to Cr 03, a Fe

2 2% |
'kinds of cation .sites in one antiferromagnetic sublattice. The "

effect of electric field is canceled out.

Rado32) has calculated the effect of changes in the anisotropy
constant on the molecular field appréximation and explained thei
temperature dependence‘df ali‘and 033 qualitativel& except forA;the
nonvanishing of a3z at low temperatures.

Quantitatively, however, so lérge electric'fieldAdependenge
6f D is not expected as is necessary for Rado's theﬁry to account

33)

for observed a. This was suggested by Date et a1; aS'they.could

not observe electric field shift of EPR line of CrBf in tuby.

Instead of D, Date et al. propqSed the electric field'depéndence
of the intrasublattice exchange interaction (J) as the origin of
the parallel effect at finite temperatures. However, this mechénism

does not give any contribution to the perpendicular effgct and can

(12)



33
34)

latter point, Alexander and Shtrikman

not interprete the nonvanishing qf ¢,, at 0 Kelvin. To explain the
» proposed another mecha-
nism, electric field dependencé of the g factor.

As for the perpendicular case, another meéhanism'was-postulﬁted

35) As the symmetry of Cr203 is lowered

by Hormreich and Shtrikﬁan.
by the'applicatidn.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,0, that the electric field induced g shift is -

2%
dominant at low temperatures and electric field depeﬁdence of the
intrasublattice exchange is dominant at hiéh temperatures énd that

of the one-ion anisotropy-cqnstant-is dominant for.perpendicular'éa$e.:_
They calculated o and y, the magnetic susceptibility, on the molecular
field approximation. In the expression of &, the part equivalent

36)

to X was substituted by the experimental results and the temper-
ature dependence of o was obtained. Above conclusion based on the
comparison of the shape of this temperature dependence witﬁ tﬁé
experiﬁent.

Their argument was inevitably quélitative, and quantitative
evaluation of each mecﬁanism is impossible. If the electfic field
depehdeﬁces.of these parameters are température dépendent; nothing
can be éoncluded from the temperature dependence of Q. |
Comparison wifh the data on ruby can not be definitive, tod,
Parameters can.Be different about one order of magnitude for

3+

Cr,0, and A120 :Cr” . An example is the anisotropy constant D.37)

273 3
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me———y

To go one step further, some new experiments are necessary
wnich make possible the separation of the contributions of each

mechanism at any temperature,

§ 1-4, Possible applicationsvpf ME éffegt.

| As mentijoned § 1-1, ME susceptibilityAis élosely connécted

to tﬁe magnetic symmetry of the crystal?.which.is.detefmined by the

spin'stfucture. So, ME“efféét can be used |

(i) - to decide the magnetic crystalrclass>of méterials. Férm of
ﬁE susceptibility tensor restricts possiﬁle magnetic crystéli.
classes (see Tablé 1-I). The case of GdAlO§38) was an gxample.b

In some cases, appearance of an element of the MEvsus;eptibility

tensor is the easiest.way to detect the change of magﬁetic symmet ry

and thus ME effect can be used

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

of GeMn0339) and the pressure dependence of TN of Cr20340)
- were determined by ME effect. Spin flipping was observed
through ME effect in DyPO44l) and Cr203.23)

Near these transition points, ME effect can provide
(iii) a new critical exponent of the spin system. It has been
found that the temperature dependence of a just below IN is
' i oo 42,43)
the same as that of the sublattice magnetization.
(iv) ~ If contributions 6f each mechanism are determined, 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)



that was suggested for Cr203 is the investigation of.the
structure of the impurity state by the MEAeffee;. An anoma—
lous temperature dependence wes discovered in one crystal
of Cr,0, below 4.2 K. (See éec. 2-2.)
(v) ~ Applications of the ME effect as devices8? such as gyraror,
‘magnetic sensor, read only memory, etc., hane been proposed
but not realized yet, because of smali ME susceptibility

and the low Ty 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 Crzo3

is described in Chap. 2 and that of Fe304 is presented in Chap. 3;
ME effect have been most extensively investigated so far in
Cr203, experimentally and theoreticaliy;_ However, since experimental

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

contributions of machanisms have not been evaluated experimentally.

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

- In Chap. 2, precise static measurement of o 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 experlment has been carried out so far only

~at 24 GHz, electrlc fleld dependence of g and D was determlned

at 4,2 K,

Studies on the ME effect of Fe304 are presented in Chap. 3,

It is well known that first order transition occurs in Fe304 at

(15) )



124 K. Charges of Fe ijons in B site of spinel stfﬁcture order at
this temperature, Important role of'phononé was pointed out recently.

However, the situation is complicated and even the magnetic symmetry

of low temperature phase has not been determined. in Sec. 3-2,
( _ - determination of the. magnetic symmetry of Fe304 at 77 K ffoﬁ:ME
effect was described. Dependence of ME effect on the direction of

( the magnetization was measured and analyse@qin Sec. 3-3 andﬂthé

electric field dependence of the magnetic anisotropy-was determihed.'
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§ 2-1 Introduction

1)

CrZO3 was the first ME materiai.éointed out 5y Dzyaloshinski,
soon after the prediction of ME efféct by Lahdau aﬁd’Lifshitz.z)
Since then, ményiexperimental and theorefidalvstﬁdiés have beeﬁ
Vreported.3-10) o | |

The crystalnstructure is corundum type and the antiferromag-
netic state is realized below-TN = 307 K. Spiné'are paraliel to
the ¢ axis of the crystal and the magnetic symmetry is 3'm' =

'{E? Cy, Uy, IR, SR, cdR}. In this case, only the bilinear effect .

6
is allowed and, if the biquadratic effect is neglected, the follow-— -

ing relation holds.
H=akE. . | (2-1)

Here,-ﬁ is the induced magnetization,-i is the applied electric
field and & is the magnetoelectric susceptibility éensor. qu-the
discussion of the symmetry operation as shown iﬁ Sec. 1-1, C3, Uy
and IR are necessary and sufficient in this case.  Then, & of szo

3

is expressed as follows:

. e, 0 O . . :
&= {0 a 0] ) L (@2-2)
0 a :

o, ig-thé magnetdeigcﬁrié éﬁsceptibilify'along the ¢ axis coﬁfe—'

spondiné to a3z in Table 1~I and @, is that perpendicular to the

(20)



¢ axis corresponding to ;3.

To study atomic mechanisms of ME effect, the measurement of
G should be perfofmed carefully. Ofdinarily,'ac'mgthod with
1 ~ 100 kHz was used to pick up small induced (mégnetic of electric)
polarization. & However, spurious back ground signal due to the
direct céupling of the input and the outpuﬁ ciréuits”is propo;fional
to the square of tﬂe frequency7) and make it fathér diffiéult, ih_
practice, to determine the pfecise magﬁitude of &. Determination
of the sign of & is also not easy. In tﬁe statiéfmetﬁbd; fhere is
no problem in these points but very high‘sensitivitf is required.
Recently, superconducting quantum inte:fefen;e device (SQUID),I%)
which is a usefull applicétipn of Josephson effeét,lz) was deﬁeloped
and applied to many ploblems in physics, earth science and biolégy.l3_ls)

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

provides a practical and sensible method of detecting magnetoélec—

-tric effect. Determination of the sign and thevmagnitude of the

magnetic flux induced in CfZO3 by thé application of the glectric
field will easily be performed. _The linearity of thé éfféét can.
be checked at the same time, Absence of the ékternal magnetic field
makes the stéble ﬁperatioﬁ of SQUID system very éasy.’

fo_separate contributions of mechanisms of ME'susceptibility,
not only the precise value‘of ME susceptibility o but élso a new
experiment on ME effect are necessary as was descgibed_in Chap. 1.‘
The measuremént of the eleétri; shift of the antiferrémagnetic
resonance (AFMR) in Cr203 is proposed ané exapined as>#he new

experiment,

(21)



When the electric field is applied to Cr along the ¢ axis,

23
the g factor, the anisotropy constent,D and the 1ntresublattice
exchange‘J are changed a little, according te the proposed three
mechanisms. (See Seec. 1-3.) The change of D, for exampie; affects .
a through the ‘change of the thermal avetage of sebiattice megneti—
zationsf In addition to this, the change of D hes a direct‘influ? '
ence on the antiferromagnetic resonance point._ fhus, observation
ef the electric_shift of AFMR_willrsﬁpply another'sort of informa-
tion on the ME effeet.

The studies of electric shift in the spin tesonence were
reported in the case of paramagnetic resonance (E?R).- For example;

16) observed electric shift in EPR of Cr3+.in

Royce andABloembergen
ruby which is a magnetic impurity in a diamagnetic materiel.

In this case, the site symmetry of cations is C3 and there is an
odd part of the crystalllne fleld parallel to the ¢ axis. - The site
of Cr3 is divided  into two when the electric field is applied
along the c axis. The ﬁPR line was splitted into two, liﬁearly to
the strength of the applied electric field,'but‘the center of it
remained unchanged. Splitting of 70 Oe was observed at 170 ;
kV/cm.r This magnitude was much larger than the line‘width; ==?20
Oe, and static measurement was pessible.' | |

In the case of AFMR of Cr203, 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 magnetlc field

modulation. It is to be noted that AFMR does not Spllt but shlft

(22)
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by the application of the external field.

In this chapter, ﬁe will'report‘investigatione on the ME effect
of Cr203. . The chapter is composed of.two pafts.f In Sec. 2-2, the
first part, the precise measurement oerE sueceptibilitybdf 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'coﬁperison of our
results with the previous data by ac method will be discussed in
Sec. 2-2-3. An interesting and unusﬁal.Femperaeure-dependence of
a discovered in one crystal will also be reporteﬁ. In Sec; 2-3,
the second part, the effect of electfie fieid aldné'the c axis on
the AFMR of Cr203 is stated. Sec. 2-3-1 gives the formulatipn.
Experimental details are described in Sec. 2-3-2. Secf.2—3—3‘givés
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 Measurement of ME Susceptibility by the Use of

SQUID Magnetometer

2-2-1 Experimental procedﬁres

A SQUID magnetometer

A block diagram of the experimentai arrangemenf is shown in
Fig. 2-1. The present SQUID magnetometer waé similar to SQUID
magnetometer which were repbrted by other authors;S?Aexcept that
there was no magnet to apply external field to the s;mpleﬂ. The
ordinary 2-holes type SQUID made of Nb was used. The holes were 2;5
mn in diamester. The weak contact was acﬁieved by adﬁusting two
NbTi sérews, which could be turned by a worm gear from the outside
of the cryostat. The SQUID wasrpperated with rf bias of 22 MHz.
F§r the field modulation, 1 kHz ac current was supplied to the rf
coil which was placed in one hole of SQUID. The signal was de;ected
phase sensitively By a lockrin amplifier and the output of the
amplifier was fed back to the rf coil to operate the syétem as a

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

across a standard resister R

£ 20 k2, corresponds to a flux quantum,

¢°. The output voltage was supplied to the y axis of ax-y
recorde;, whereas the dc voltage supplied to the sample was fed to
the x= axis. A‘drybbattery and a 1 MQ variable resister,
potentiometrically comnected, were used as a dc #oltége supply'up.
to 350 V.

~The flux induced by the sémple was éicked‘up by an astatically

wound superconducting coil, 5 or 10 turns in each direction, and

(24)
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Eig. 2-1. Block diagram of a SQUID magnetometer for the ﬁeasuré—

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.
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was transferred into the signal coil placed in the 6;her hole of
SQUID. A signal coil was wound.80 turns on a quartz roa, 2,1 mm
in outer diameter. NbTi ﬁire_ofﬁO.diS mﬁ diameter was'used.

The sensit?viﬁyiof the magnetémeter aé a wﬁolg was calibrated

by a sméll coil Qith dimenéibné

simiiaf td.the sample. A standard
magnetization was induced by a known current through the coil and

7

was deﬁected. ThersensitivityAwasi3.5 x 10—8 emu/ﬁV or 1.0 10-
emu/mV, depending on the-pick up system. | _ |

To make‘the temperature of the sample.bélow 4.2 K, the bath'qf
liquid helium was pumped and the temperatufe was measured by the
vapour pressure. To havé tﬁe_higher teﬁperatufe of the specimen,
keeping SQUID element at 4.2 K, another cryostat was'constfucted
where the sample chamber waé separated from the helium bath by‘a"
glass dewar of about 12 mmAin inﬁer diameter and 18 mm in ouﬁer
diameter. In this'case, the pick up coil be;aﬁe larger and senéi-
tivity was lowered compared with the case without the inner déwar.'
A scheméfic illustfation of this case is shown in Fig. 2-2. To
maké the'temperatﬁre of the sample chamber haﬁogenepus,.a Cu'pipe
about 0.5 mm thick, iO mmvin”innér diaﬁeﬁéi'an& 15 cm long was 
inserted 53 a heat sink and He gas.of approximately 1 torr. was
~introduced.l Manganin wire was wound non-inductively on the Cu heat
sink as a heater, . The temperature of the upper.end.of the.heat —
sink was measured bf AuCo-Cu thermocouplé. o |

‘The vacuum space of the dewar was filled with He gas, at,firét,

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
stably, current through the manéanin heater was controled. |
Approximately 270 -K, by = 200 nmA, w;s'the highest temperature of = -
bur systemn, becauée of the poor heét insulatién of the glasé dewar.
The difference of the meaéured,temperature from.thAt.of.the sgéh~ |
imen was checked by a AuCo-Cu differential fhefmojunction. Beldw
170-K, the différence was’smaller than 1 K Eut it was larger than 5 K
when the temperature wasbhigher than 250 K. In the higﬁes£3temperatm:e
region, the temperature difference depends on the procegs of the heatﬁng.
By the correction of this temperature difference, the accuracy of the
measurement of the temperature was estimated tb be ﬁetter than 0.5 K

when the'sample temperature was below 200 K but = 2 K at 250 K.

2-2-2 Speciﬁens

| Two specimens were cut from one single crystal. Sample I
was a platelet parallel to the ¢ plane, 0.65 mm thick and 23 ng in  >
weight. Another sample (sampie IT) was a rectangular parallelepiped, |
2.0 x 2,2 x 2.85 mm in dimensions and 57 mg in weiéht. Thé faces
were p;rallel to fhe ¢ plane, 94 plane.and the piane perpendicular.
toAboth, respectively. - No heat_treatment was gi?en after_fhe cutting,

A sample ceil was composed of a cylindér and two pistons of

bakelite. 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

2°3°

electric nor piezomagnetic, pressure of pistons has no primary effect

mechanically by the bakelite pistons. Since Cr, 0, is neither piezo-

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

(28)



speéinwn was larger thgn 100 MQ at room temperaﬁuré in every case.
The sign and the magnitude of thg magnetoelectriq suscepti—
bility, @, depend on the antiferromagnetic domain st?ucture. To
héve a single domain. crystal, ME cooling, mentioned in Sec.-l—z,
should be applied to the specimen. Since a”‘is approximatgiy oné 7
order of magnitude larger than o, just below'EN,4)

tric cooling parallel to the ¢ axis is more effective than that

magnetoelec—

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

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

12 kOe along the ¢ axis. These values were much larger thén the'.

threshold value reported.l7) When the directiogé-o% the electric‘
and thé magnetic-field were antiparallel during the cooling, o

of almost the same magnitude (x 27) was observedAwith reversed-
sign, compared to-the parallel ME cooling. 'Fromrthe above consid-
erations and facts, it was concluded that the specimen of éingle

domain was obtained.

2-2-3 Results

An example of the measurement is shown in Fig. 273. _APparentiy,

induced magnetic moment was propOrtiohal to the applied voltage up
to 250 V. This linearity of the magnetoelectrié effect was con-
firmed at any temperatﬁre for this crystal., The magnetoelectric

susceptibility, o (cgs/g), is given by
@ = cV/nE, o o (2-3)

_ i : -8 -
where ¢ is the sensitivity of the system, 3.5 x 10  emu/mV in

this case,'V is the output voltage, m is the mass of the sample

(29)
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and E is the applied electric field. The temperature dependence

of o is shown in Fig. 2-4, for the pérallel magnetoelectric cooling
-along the ¢ axis. Qualitative feature of the figure is the same
i _ " with the previous reports but the magnitude of the preseht result

is larger than those éxcept a, at 4.2 K, (See Table Z—I.). 

2-2-3, Discussion.

A, Noise.v
1 The noise in the measurement of the magnetoelectric effect
[ by the SQUID mégnetometer consists of the noise from the éevice
itself{ from the temperature contrdlé‘systeﬁ and fré& the applied
| field, - | |
The noise from the device was mainly due to the vibration ofr
i - the superconducting magnetic shield relafive to the piék up systgm
| ‘.in our case. This vibration causes local fluctuation of thé
magnetic flux. This noise detected at 4,2 K.wés %bout (1/100)
' V .¢o' Pumping of the helium bath increased_thé Yibration and resulted
in higher noise level,
l_ ' . As for the teﬁperature controlé system; main problem came
from heater current and the pulsive noise of a digital voltmeter
to measure the electromotive force of the ﬁhermocouple. The
1atte: can be avoided by the use of an analog.device. The high
frequency noise f£§nsported by conductors, the heater, the ther-
mocouple and theulead wiresvta apply the>e1ectri§ field, to thé |
pick up coil did not seem so.large. | .

- Though the heater was wound non-inductively, maximum current

B | B (31)



of 200 mA shifted the triangle pattern of SQUID by about 2 ¢ . N
When the constant current suﬁply.wés'used and the current was not
changed during the measurement, however, fhis éhift wés constant
and did not cause thé increase of fhe noise. If the héaterband
the thermocouple are placed far apart from the pi;k up ;oiI; the _'
noise of this origin can be deéreased, but the controle and thev
measurement of the sample temperature will be less accurate.

In the case ;f the measurement of the.magﬁetic susceptibiiityA
by SQUID,-the device was directly iﬁfluenced by the fluctuation
of ﬁhe applied ﬁagnetic field.'“If the measﬁrement is carried out
by the sweepingrof the field, the precise compensation of-the pick
up coil is very difficult technically. If the éample is moved in

the constant external field, the vibration accompanied by this

movement causes additional noise. In the measurement of the magneto-—-

electric effect, there is no such problems as the electric field
does not couple with SQUID. However, the current associated with
the supplied voltage can be the origin of the noise. In the

pfesent case, the resistivity of Cr is so high, especially at -

2%
low temperatureé, that we can neglect the curren; through the
sample, Even if a current of 1 pA through a2 one turn coil of.5 mﬁ¢
at the position of the specimén resulted in only (1/20) ¢5 shift
of the output., Since the current loop ih.the measurement is per;.
pendiculaf;to the pick up coil and the current was mﬁch smailer,'
the coupling qﬁ the current through the sampie to therpick 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,éwéep rate apd we
changed 360 V by more than 5 s to 3uppress the éffect.: On the
other hand, temperaturé dependence_bf the ﬁagnetic~susceptibility
~of the material nearfthe piék up coil ied td a:temﬁeratu;e
dependent magnetizationAﬁfsﬁortiénéiit; fée>trapped.feffe5£rial
magnetic field, . and'éaused a drift éf the outpuf.'AWheﬁ'the mea-
surement was éarried out with changing temperature; éweep rété of
the electric field should not be too low."Anothgr noise source
‘was again the digital device to measufe the apblied-dc voltagé 6:
current., Analog devices should be used.

By the use of'SQUID,‘the'measurement of ﬁagnétoelectric efféct.
can be carried ﬁut easily, by sweeping electric field. The sign
and the magnitude of the indgced»moment can be &irectly determinéd-,
against the applied electric field. The advantage ovér the usﬁal
ac method is thgt SQUID offers a mean of high sensitive static
‘measurement,

B. Comparisbn‘of the present results with the previous reports.

In the present experiment, o was hqf éﬁfained oﬁér-the_wholé-
temperature range frper Kelvin to TN. Howéver, valueé charagtgr-A
iziqg the temperature dependenée»bf o such as maximum of o, (a”max'f
the temperature for o (T ax),’thg.;emperature_for d” =0 o

hmax -~ m

(Ta =0), a, and ¢, at 4,2 K (a”lth and 49

" Fig. 2-4. Previous: data by ac method and the presemt results are

K) could'bg read in
tabulated in Table 2-I. The present work gave largest values for @

except @, at 4.2 K,

The experimental error in a, or a, is brqught'about by'fhe

(33)
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error in the calibration of the sensitivity, by thé misorientation
of the specimen and by the antiférromagnetic domain structure.
As for the orientation errors,'ghe accuracy of the cuttigg
of the crystal was estimated as.s.t 1° and theimiédrientation between‘
the ¢ axis of the crystal and the axis of the éick up coil was‘eétiméted

to be less than 3°, Error larger than 0.3 Z can not be expected '

from this origin. Since o, is 7.0 x 10—6.aﬁ 4.2 K, increase of
0.02 % 10-6 or 2 Z is the upper limit to a,. Invefsely at 255 K,

increase of 0.07 x 10-'6 or 1.5 Z in oy is the upper limit. The value

of 87 K for Ta=0 and the ratig aﬂmax/ a”4.2K

sion that the setting errors were small.

= 19 support our conclu-

The reproducibility of the value of o forbbéth parallel and
antiparallel magnetoelectric c;oling strongly suggests that the
specimen was single domain, the efrors.of the absolute values being
within * 2 %. The efficiency of the magnetoelectric cooling seems
to be responsigle for the large.difference in the ﬁagnitude'of oy
at 4:2 K between the present result and thﬁse in:the previous -
reports. Errors on the calibration of the system aré'caused mainl&
by the difference of the geometry of the sample and the calibfation
coil. To check this point, the magnetic flux picked up by a.céil
was calculated. | | | | |

Considér two coaxial coils with infinitesimal ﬁhickness on

a plane. Total magnetic'flux inside of the outer (pick up) coil is

o L e A ,
% = fo 2nr Bz dr = — ft22nr ?z dr, : ' ‘2-4)
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where, t is the radius of the outer coil and the e¢ylindrical co-

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

follows:
_4M1l+a  1+a2 é 2
@ = t aZ [ (l‘-l-a)Z K(k ) - E(k ) ]
=M ya)., o (2-5)

Here, a = d/t, k?_= a/(lfa)z, 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:
2

IS _=wd I

< = p R - : : (2-6)

M=

where I is the current and S is thé 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 relativé size

of coiis, a. Y(a) was numerically calculated and plotted in .~

Fig. 2-5. ‘The difference of the area of the specimen (= 6 mm?).and

the calibration coil (= 11 mm?) in ﬁhé present case beiné considered,

the error in the calibration was estimated = 7 % from Fig.,é—S}
‘Theée two origins of the érror, antiferromagnetic domain

structure and éhe caiibfation of the pick up systém, always de=

crease the ob#erved value. We suppose the present results have

given more than 90 % of the true magnituae.

Since the characteristics of the magnetometer and antiferro-

(36 )



2
dipole
limit
{mr/72)
| F
O - a a 1 —
0 05 |
L a ‘7

Eig. 2-5. Efficiency of the pick up as a function

the ratioa (=d/ t ).

(37)

of -



magnetic domain structure were not affected by the temperature of

the sample, only the setting error inf'luences‘ The

. “//max/ %4, 2K°
" present value is much larger than those previously reported.
- Difference in the sample quality is supposed to be tﬁe main cause
of the difference, In the case of Mercier, however, the reported
value of T
a=0

from the ¢ axis

was too high and the tilting of the measuring direction

18)

seems to be responsible for the differences,

' To interprete the present value for o, 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

x 103 and K = 2 % lO5 erg/cm?, after Fongr,lg) for fhe molecular

field coefficient and the anisotropy energy, but, different from

his suggested value, the sublattice magnetization was assumed to

3+

be 3 uB/Cr = 583 emu/cms. This value of tilting should be

compared with 1.6 X 10-5 radian/kV/cm,'reported on Cr3+ ions in
ruby.16), This iarge difference between the values for Cr203
and Cr3+ in ruby is contrary to the parallel case, where the frac-

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

nearly the same for CrZO3 and Cr3+ in rubyzo) (see Sec. 2-3).

‘The quality of the crystal is very important in the experi-
nment on Cr, O It was reported that the introduction of small

273
' . ' 21)
amount of Fe changed the magnetic structure.

The intensity of
‘the antiferromagnetic resonance absorption was much influenced by
‘mechanical or thermal treatment (see Sec. 2-3). 1In the measurement

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

(38)



crystal. Fig. 2-6 shows the temperature dependence; from 4.2 K to
1.6'K, of avfor a.crystal, origin of which is different from that
mentioned above, aA.and op 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 shows the temperature dependence of GA'from 4.2 Kdto

250 K. ‘In the low temperature region shown in Fig. 2-6, botn

%4 and ¢; should be constant, as was shown in Fig. 2;4,7and the

results shown in Fig.,2-6 are'unusual. Anomaly in @, is also ex-

A

hibited in the high temperature region in Fig. 257.- dA-crossed

ebscissa two times and higher order effect:could be seen above

180 K. An example is shown in Fig. 2-8. At the same time, linearA
part at low ekternal electric.field decreased ebruptly. ?(See-fig,
2-7.) Dashed line in Flg. 2-7 plots the linear part of the effect.
‘The resistivity of this specimen was below 10 M2 at room tempera-—
ture and much lower than that of‘the specimen stated-in Sec. 2-2-1
and 2-2-2. The apparent higher.order effect, i.e., nonlinear
response of the magnetization to the electric field, cannot be
1nterpreted by the heat up due to the applled electric fleld

which could not’ exceed one degree. The temperature dependence

of & shown in Fig, 2—7 also supports this argument It is to be
noted that existence of IR inhibits the B term in eq. (1—1) and

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

pected in a perfect crystal of Cr No change in & was observed

2%+
after an annealing at 1000°C for one day in the air. Though no

impurity of more than 0.1 % was detected.by chemical analysis,
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9?  Fig. 2-7. Temperature dependence
5t N les E
o - of oy between 4.2 K and 250 K.

( .
oL\ . . |

0\\./100 200 200

T(K)

Fig. 2-8. Nonlinear dependence of the
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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,

ME effect can provide information on the impurity state of an

antiferromagnet.



§ 2-3 Electric Shift in the Antiferromagnetic Resonance

2-3-1 Effect of the electric'fiéld on the antiferromagnetic
resonance |
“Af the begi;ﬁing of tﬁi;_;ection, ieéius examigéJﬁhe effecé
of the electric field on the magnetic reéonahce of a ME anti-

ferromagnet. The energy of an easy axis antiferromagnet consisting

of 2N spins was written as follows:

€ > > ) > > 2 2
W= Je 5175y ~ughtl 8)5; t g5, 1 - [D45;, +D,8,, 1. @-7)

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

of spins, g is the g factor and D is the aniéotropy coh;tant. Je
is the intersublattice exchange constant and H is the external
magnetic field. The intrasublattice exchanges were neglected
since they‘do not affect antiferromagnetic resonance. We willi

confine ourselves to. the case where both magnetic and electric

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

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

s 4 H E Fig. 2-9. The directions of the _érystal
| . . 7
: ¢ axis, magnetizations of two sublat-
tices and externally applied electric
2 and magnetic field.
.. Y
C-oxis
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of external fields, parameters on éq.(2—7) are expressed as

51

S

S, + 8S + 45, 8 = 8, +8g, D =D_+ 6D,

e . (2-9)
2 =Dy - &D, -

- S +85+ A4S, g, =g

- Sg, D

wheré SS, dg and 6D are the electric field &epeﬁdent>pért éf éach
paraméter and AS is that on the magnetic field. Je is indépehdent
from the electric field since Cr,0, has IR symmetfy. 68;:t§e
change of the spin, is induced by the change of the intrasublétfice
exchange, 6J, and of the anisotropy, 6D. In ;Hié sensé,'GD contri-—
butes twice in eq.(2-7).

The sign of 85, 8g and 6D is dependénﬁ on “the antiferrpmagnétic
domain structure;- Parallel or antiparallel ME céoling feverses

the sign of these, Parallel ME susceptibility is expressed as

)

= 2N, (g 65+ 6gs, ) /E. :' (2-9)

The equation of motion of spins‘is

as, | |
A = B, xH oo, . - (2-10)
i ¥ °1 " Yeff i ° ,
dt :
H .. . is the effective field acting on 8, and is written as
eff i i }
'ﬁ e de
. eff 1 ’ 1L
i :
T
- Je S, D, Siz 2 ' _
= H- =L+ . - (2-11)
g5 Vg g, ¥g .

2 is the unit vector along the z axis or the c axis. AFMR frequency

S
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is given by solving the secular equation deduced from eqs.(2-7,

1 | 10,11). Substituting eq.(2-6), the result is expressed as

2

fw = /_(J S +8gu H+2D S +28DSS+28DAS) —st +J2(65+AS)2,
e o B 00 e e

oN

} _ ' + [ g ugH + 26DS_ + (2p ~ J3,)(8s +4S)] . (2-12)

eq.(2~12) can be written as

fw = 'hmo + Héw

r ‘ - 2 2,..2 -
! = VA;CJe+Do)Doso + JeAS + gouBH f (Je ZDOEAS |
: 2 (Je+2D°)uBH :
* [(ZDO-Je)GS+ZSOGD] +\/4(Je+Do)D S Sg, (2-13)

oo 4(J +D )D S
e 0 oo

'where, the electric dependent part, &S, 8g and 8D, are takéﬁ into
account up to the first order'and the magnetic field dependent part,
AS, is taken into account up to the second order. =+ corresponds to
branches of the resonance. ﬁmo, the first #hree terms, gives the
oxrdinary resonanée frequency in the absence of-the_electric fiéld.
The 1as£ three'térmé,'ﬁém, indicate the shift produﬁed by the elec-—

19)

tric field. According to Foner, Je = 310 cmfl, D° =1.1 % 10--2

cm ~ and 8, = 1.97 for Cr203 at 4.2 K,  Then,

fi6o = + [ 3105S - 36D ] + 3.8HSg  (cm ). O (2-14)

Here, H is in the unit of kOe. If electric shift of the AFMR is
measured at different frequencies, §S, 8D and &g can be de;ermined

separately from eqs.(2-9) and (2-13).
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2-3-2. EXperimental;

AFMR in Cr203 was so broad fhatl;he electric shift could not
be detected statically. This diffiqulty was gvoided by thebuse -
of ac modulation method. The intéﬁsityrof the signal observed.by
the electric field moduiation was compared with £hat 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-ME-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 TE .mode was used. External

011
magnetic field up to 60 kOe was generatéed by a'superconducting
magnet,

A block diagram of the experimental apparatus is showm in
Fig. 2-10. The magnetic field was modulated by ac cugrent ét the

frequency of 100 kHz through one turn coil in the microwave caﬁity.

To check the phase of the signal carefully, lock-in amplifier

. (NF LI 573) was used instead of that built in the specﬁrometer,

and the signal of the resonance was detected phase sensitively

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

high voltage supply wés consfructed by a power.amplifier ang
transfofmég, connectedvto the magnetic field modula;ion current
source. " The reference signal to the léck—in'amplifier-was made ;
byvdeviding the §oltage of the ac current or voltage SOurdé.

(See Fig. 2-10.) The strength of the magnetic field modulation
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SPECTROMETER -
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— A
'é %mm-
} 0-30A
\' H MOD. CURRENT
+% E MOD. SUPPLY
L)
7 SUPERCONDUCTING
A MAGNET
0-60 kG
Fig. 2-10. Block diagram of a microwave spectrometer to

measure the electric shift of AFMR. Magnetic 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 -

modulation up to 360 Vﬁ—p'

The single crystal used in the measurement of the parailel’ME~sus-

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

. dimension of the specimen, 22 mg in weight, was so large that fhe Q

value of the microwave cavity was lowered down and the méasurement
{'  could not be performed. By'grindiné, thebséﬁpie waé formed‘in a
platelet barallel to the>£_plane, 0.36 mm thick and 7 mg invﬁeight..
L It is to be ﬁoted that the mechanical treatment sﬁch as grindiné
or cutting considerably yeakened the signal of AFMR. iTEe ahnealing;
l o at 1600° C for 1 day.was necessary t§ reéover the signal. .Intro—-
ductioﬁ ;nd rgmoval of the mechanical sﬁress was supéosed to give"
rise to the above changes.
| _ To apply the ac electric fiela to the specimén, the electrodeé
should be attached; In an experiﬁent of microwave‘frequency; the
metai layer as an electrode must be thinner ﬁhan tﬁe skin depth
at the frequency. In the éase of EPR, Royce and Bloémbergen uti-
lized the Ag film vapour deposited directly on>the cryé;al.ls) In
‘ | the present case, however,jtﬁis,method lowerd the Q value of'the
caﬁity.remarkably and the experiment beéame impossible.. Au aﬁq
Cu-Al alloy (to decrease conductivity ét 4.2 K) film:deposited.
directly on the specimen appeafed to be negative,‘ﬁdo. This
difficulty was avoided by using a»Ag film éf appfoximétely 100 ).y
thick on a myler £film as an electrode. Fine Cﬁ wifés were ?ressed

to the electrodes by 'a thread as leads to the ac voltage suﬁply.

- . The sample and electrodes werevéet in a teflon holder as shown in
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Fig. 2-11. Schematic illustration of the sample holder and electrode.

o H Mod.

"féééfaé JE 1

Fig. 2-12. The output of fhe resonance absorpﬁion'vs. the current
supplied to the superconducting magnet. 48 kOe was generated
at 20 A, |
a): elec;ricvfiéld.modulation with 360 Vp_p/o;é mm,

b): magnetic field modulation with 0.9 Oep_p.
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Fig. 2-11 and placed at the center of the cavity. Parallei ME
cooling was adopted before the méésurement. |

"An example of the signal was shéﬁn'in Fig. 2-12, ,Usuai dif-
ferential curve of the absorption céuld not be obtained as the
s;mple of 7 mg was too large for theAspéct£ome£gr. .AFC unit &id. _
not operate at éhe resonaﬁceApoint aﬁd tﬁe‘frequéncy of‘fhe ﬁicrOe A“‘
wave was not staﬁilized. By the magneticAfield'modulatioﬁ, however, ‘
the signal was observed at the same poéition with thé same linev |
profile (Fig. 2-12b), just before and after the experiment-by,thé
elecfric field modulation. We could deduce the electric field
shift of the AFMR by the comparison of these'signals. Ihé sign
of the signalAby the electric field modulatioﬁ was inverted_by

the antiparallellME cooling,

2-3-3,  Discussion.

The amplitude .of the signal with_the‘lo kV/cm of electric
field modulation was equal to that with thé_0.36 Oe magnetic field
modulation. The change of the output due to thg electric:field
modulation was the same, including its pﬁase, ésithat of thé mag—.
netiguéiéld moduiaﬁion with ghe external eléctric field appiied
parallel to the external magnetic field, the freqﬁency of the AFMR
is.lowered when the parallel ME cooling is employed;A Then the
frequency shift was | A .

6t

Mo - 3.4 108 el /xviem.  (2-19)
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Since the experiment was carried out at 4,2 K, we can assume

. * -
] , S = AS = 0 and S, = 3/2. Then, o, = - 1,2 x 10 6 cgs/g, observed.
22)

in the same cryétal at 4.2 K gives
§g = - 3.5 x 1070 at E = 1 kV/cm. (2-16)
! 8D is deduced from eqs.(2-14), (2-15) and (2-16) as

6

‘ 6D = - 1,1 x 10 cm.-l at E = 1 kV/cm. (2-17)

This is about one order of magnitude smaller than that reported

- for Cr3+ in ruby at room temperature.l6) This ratio is almost the
: same as the ratio of the fine structure constant (0.19 cm.—1 for

- *%
; ' ruby16) and 0.015 cm 1 for Cr, 0 19)* ). It is interesting to note

273

that if 6D keeps its sign up to T, @, due to the anisotropy mech-
anism is always negativé and qualitatively conflicts with the

observation.

P * The validity of this assumption is not evident as x of Cr203
is not 0 at 0 Kelvin.

&%

- Contribution of magnetic dipole interaction was subtracted.
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CHAPTER 3 - EXPERIMENIS ON THE.MAGNETOELECTRIC EFFECT

IN THE LOW TEMPERATURE PHASE OF Fe,0,

Fig. 3-1 - Spinel structure
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§ 3-1 Introduction

Hagné;ite, Fe,0,, is believed toibe the»oldest magnetic
material known by Greek and used in their compass. More tﬁan two
thousand years after, the magnetic propertieg was successfully
analyzéd by the theory of‘two sublattice ferrimagneiism devéloped ‘
by Néel. Fe304 has a spinel type crystal structure and the

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

+ . . . . . . .
and Fe3 ions in the B site are opposite. The Curie point is about

860 K. Because there are equal numbers of Fe2+ and Fe3+ ions 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 10217¢m is observed

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

1)

the specific heat measurement ™ and suggested the existence of

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

continuous increase of electrical resistivity is accompanied by

this transition.z? It was natural to consider that the oxdering

of Fe2+ and Fe3+ ions in the B site is the origin of the transi-

tion.
In 1947, Verwey proposed a model of the charge ordering
which is composed of alternate (001) layers of Fe2+ and Fe3+ ions.3)
(See Fig. 3-1.) In each layer, nearest neighbdur'éequence of
B sites runs along [110] or [110] direction, and hence the crystal

has orthorhombic symmetry. 1In this papex, crystal indices

refered to the cubic lattice will be used and [110], [110] and [001]
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axis, determined magnetically as will be shown belo&; will be
called as a, b and ¢ axis, respectively. The transition is often
called as "Verwey transition". |

Since then, magnetic,‘electrical and structu;al studies were
carried out on the low temterature phase of magnetite. It was
-disclosed that the principal axes of magnétbcrystalline anisotropy
energy were the E_(easy), the b (intermedeate) and thé é_(ﬁard éxis
of the magnetization)4) and supported the model of Verwey. In

5)

1958, Hamilton 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 épots with half
integer indices were found in electron diffraction6) by Yamada et al.

7)

and neutron diffraction by Samuelsen et al.. After that, the
low temperature phase transition of Fe304 has absorbed, once more,
much interest of solid state phyéicists. The model of Verwey

was finally rejected because (002) reflection qbserved by Hamilton
was found to be a.ghost due to the double reflection.B) The
important role of phonons, especially thoée having A5 symmetry,.

9)

was emphasized”’ and many studies on the magnetic and structural
properties have been reported to elucidate fhe'low temperaturé
phase and the nature of the tran;ition.

Among these, Rado and Ferrari reported the MEﬁéffeét of

10) Since magnetite is a ferromagnet,

this crystal at 4.2 K.
macroscopically, this means that Fe304 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 A
are antiferromagnets and weak parasitic ferromagnetism_appears in
the ferroelectric phase. On the contrary, Fe304 is ferromagnetig'
in its basic properties. The feature of the éoexigténce of ferro-
magnetism and electric polarization in this cése is interesting.

In contrast to an antiferromagnet as Cr énisotropy of the -

2935
ME effect could beAdirectly obser&ed by changing the magnetization
direction, though the directioﬁ of the eleétric field was limited
parallel to [110], [112] or [111] axis in the presentvexperiment.
Phenomenologically, the change of magnetization of a ferrgmagnet
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 thg mégnetocrystal—
line anisotropy, whereas the latter comes from the dgpendence of
the exchange iﬁteréction éhd 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 ﬁand, the true symmetry of the crystal in the
low temperature phase is still inconclusive. Accérdiﬁg to the
recent structural studies, the low temperature phase of magnetite
has abnearly rhombohedral lattice with an elongation along one

8,12)

of the cubic <111> axes, whereas the magnetic principal

)

axes are nearly along [001], [1I0] and [110].13 Thus, the crystal

symmetry of the low temperature phase should be C, = {E, Cé, I, o}

2h

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

2
[110] and ¢ is parallel to (110). The point is whether a (110)
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12,14)

glide plane exists or not. Diffraction studies suggested

its existence, hence the crystal is monoclinic, but domain

structure obserﬁationls) 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.lo)

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 réported

16)

recently in the specific heat 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 was stated in

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

. . . . 12,14)

crystal. It is to be noted that the diffraction studies
. . 15)

as well as the domain structure observation were performed

above 77 K.

2° Differece in the twin structure of the specimen

Rado and Ferrari implicitly assuiwed nearly orthorhombic symmetry

and only the magnetic principal axes were fixed in their experiment.

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

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

So, coefficients of the ME effect could not-be evaipated completely.

On the determination of the symmetry, they'argued that the

éymmetry of twinned crystals is higher than that of a completely

detwinned crystal and their conclusion was correct even if their
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specimen was twinned. Geﬁerally speaki#g, thgir argument is

valid only if the volume of each twin domain is equal. If so, we
cannot expect the ME effect to be obsérved.‘ Accidentaliy 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 experimentai 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 elect;odes
on the a plane and the magnetizaﬁion parallél 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 a and b planes. Electric polarization along the
a and b axes induced by the magnetic field along the b axis were
measured simultaneously. Our experiments were carried out at

10 ~ 150 kHz, on a cube with (111), (115) and (110) faces.
Electric field was applied along one of these three axes ana the
changes of.the magnetization along three akes were picked up.

To determine the symmetry, we made much effort to eliminate
.spurious signals dué to the misalignment of the crystal and that
due to the nén—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 ME effect of Fe, O, at 77 K

374

are reported. Three subjects, 1) determination of the crystal
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symmetry at 77 K, 2) electric field dependence of the magnetic
anisofropy and B)Irelaxation of the ME effect, were investigatad.

Experimental procedures are givea inVSec. 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 sasceptibility, which was
carried out in connection with the relaxation effect.

In Sec. 3-3, experimental results were reported. Determination
of the crystal symmetry is mentioned in Sec. 3-3-1. Dependence
of the ME effect on the direction and the strength of the
extemal magnetlc field was measured and analyzed by spherlcal
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 relaxatibn; magnetic field dependence of the
electric susceptibility is described in Sec. 3-3-4.

Sec. 3-4 gives discussions on theApresent experiment.
Dependence of the ME effect on the externalhmagnetic field was
interpreted in Sec. 3-4-1 by an assumption that a part of the
magnetic anisotropy energy is closely connected tp the.electric
polarization, whose magnitude and direction are affacted 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, felated to the charge ordering

model recently proposed by M.Mizoguchi.
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5§ 3-2 Experimental Procedures

3-2-1 Crystal

Single crystals.of Fe304 were synthesized at National Instituté
for Researches in Inorganic Materials by the floating zone melting
method in an atmosphere of COZ' .They.weresub;equently‘annealed
at about 1200°C for 20 hours within a co,, + H, atmosphere of a
- controlled oxygen partial pressure. This annealing was very
important to have a éood result., A cube of 4 mm edge, bounded
bf (111), (112) and (110) planes, was cut from the crystal and
it wasAannealed for five days at 750°C in an evacuated and sealed
off quartz tube. The transition temperature of the specimeh,
Tv’ wés 124 K.' Au electrédes were vapour deposited on the opposite
faces.

The crystal was imbedded in epoxi;resin within a frame of
bolymethyl methérylate (PMMA), (111) faces being kept exposed.
The electrical contact with the electrode-was achieved either -
by screws through the PMMA frame, in the case of (lii) or (11I0)
electrodes, or by lead wires directly soldered with In, in the
case of (111) electrodes. Resistance of the specimen at 77 K
was changed from épproximatqu 3 to 8 k@, 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 along 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.
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Fig. 3-3 A schematic illustration of the rotation mechanism

of the specimen. The axis of the pick up ¢oil is

parallel to [1I0] in the figure.
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prlnc1pal .axes ([001] the easy, [110]- the 1ntermed1ate and
.[110]: the hard direction of magnetization) were fixed. We will
use.the coordinate gystem shown in Fig. 3-2 and the polar ceor—
dinate, 9 anq o measuredAfrom the axeS»[IEO] and [111], to define

the direction of magnetization or external field.

3-2-2 Aﬁparatus

Oscillation of the magnetization due to the applied ac
voltage was picked up by a coil whosebaxis was set along a cube
edge, 1, 2 or 3 in Fig. 3-2, =2nd 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 blace of the
specimen and the output of the phase sensitive detector was
measufed at each frequency corresponding to a standard ac current
through this coil. As the»béck ground’levei was not so 1ow'ané
we did not know th phase of the true signal; not only the mag-
nitude but also the phase of the oﬁtput was measured. Output
with 90° different reference phases were plotted vectorially.’

To determine the anisotropy of the magnetoelectric effeef,
_the specimen was rotated around the horizontally set [1I0] axis
by a worm system,‘schematicallyéshown in Fig. 3~3. Since a
magnet wasArotated around the vertlcal axis, the directlon of |
the magnetic field could be changed stereographlcally. External
magnetic field of 8.4, 10, 12 and 15 kOe or 8. 4 12, 17, 23. 3 and

31.4 kOe were applied.

(62)



. o‘:&
20020 | N
»v /
100 10 _ E » 070, I5Vpp
My 01O
H = 10k0e, 1 0IG
. . 100 kHz
== L 2 N a
0 10 20 30 (10 kHz)
cI) 100 200,y 300 (I0OkHz)

Fig. 3-4 Examples of the vector plot of the output.
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Fig. 3-5 Effect of dc pulses, 2 kV/cm X 0.7 msec; on the output.
magnetic field: 13 kOe along [001],
ac electric field: 13.5 kilz, 52 v, _,/0.4 cm, along [117],

_signal pick up: along [112].
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3-2-3 Measurement of ME effect

A ‘Temperatufe

All the eiperiﬁents were carried out at 77 K‘,
B Phase and magnitude of output o

To eliminate the back.ground'leakage due to the current
through the sample and lead wire, measurements were repeated for the
two opposite directions of thevmagnetlzatlon;' The dlfference of
the two outputs is plotted in Fig., 3-4. The coordinate and the
absc1ssa of the figure correspond to two components of the output
for 90° different reference phases. Direction of the magnetlzatlon'_
within the (110) plamne is an implicit parameter of the plot. As
is shown, the points measured at 10 kHz lie on a straight line
which crosses the ofigin and we can safely assume that this line
gives the coordinate to the signal. When the measurement was
carried.out at 100 kHz, déta points lie on a curve like an ellipse
or hyperbola, wﬁose axis crosses the origin. Apparently, there is
soﬁe leakage outpuf; which increases-with increasing frequency.
We assumed that thé major axis of the curve was thé coordinate
of the signal in this case and neglected the transverse component.
The‘difference of these two coordinates, for 10 kHz and forfioo kHz,
is due to the relaxation of ME effeét which will be discussed
later. |
‘_C ME poling

_Ordinarily,vME cooling is effecfive to achieve a Siﬁgle phase
of a crystal that exhibits ME effect.ls) Howeﬁér, the electrical

conductivity of Fe304 at TV is so high that a sufficiently strong
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electric field canmot be produced within the crystal. Instead
of ME cooling, puiéed de electric‘field of approximately
2.5 kV/cm and 0.7 msec duration was abpliedvrepeatedly at
77 K, with fixed magnetization direction (: ME poling). Higher
voltage or 16nger duration was not poséible,in our case, because
of the heating up of the specimen. Even the above mentioned pulsesv
slightly affected the electrical contact. -After oﬁe cycle of
heating - cooling - poling, resistance of the specimen iﬁcréased
by approiimately 10 Q. In Fig. 3-5, oécillating ﬁagnetization
along [11Z] induced by the electric field in fhe éame direction
was picked up and plotted against the pumber of pulses alopg [112].
During the poling, the magnetization was kept along [001]. When
the polarity of de pulses was reversed, the signal changed its sign.
Thirty pulses almost saturated the output in this case.
D Direction of magnetizafion

The equilibrium position of the.mégnetization was calcu-
lated from the external magnetic field by the following

equations:

2e°/30 = 0,
o (3-1)
e [3d = 0,
o v :
e =g, +te,, : (3-2)

where €, and e, are Zeeman and magnetic anisotropy energy given by
> >
€, = — MH,

Z .
2 2 2 4 2 2 4
€A Kaaa + Kbab . Kualll + Kaaaa + Kabaa o + Kba,b .

I
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Here, o, is the direction cosine of the magnetization to the

7)

axis i. (See Fig. 3-2.) According tb Matsui et él.l R

M= 505 G/cm3,

3)

_and Abe et al;l_ gave following values for K's, at 77 Kz

5 ‘ ‘ '
K, =25 x10 erg/cm3, K = 4.6 x 10° e;g/cm3;
.5 '
K, = 0.5x10%, K = 1.3 x10°,
s
Kab = 5,6 x 107, be =2 x 105.

Herg, Kaa and Kab at 77 K were estimated on an assumption that the
temperaturg dependence of them is the samé as that of Kbb'
E . . Measurement

In a typicﬁl fun-of the experiment, ¢H’ the azimughal angle
of the external magnetic fiéld, was set at first by the rotation
of the crystal. Then, the magnet was rotated to the calculated
position to adjust 6, the polar angle of fhe.ﬁagnetization; at
a desired value. The azimuthal angle of the magnetizatioﬁ,'¢, was
calculated for each case. 6 was chgnged within a iimited range,
from 45° to 135° when'¢H = 55° and from 70° to 110° whea ¢, ~ 15°,
to avoid the switching of the magnetic.priﬁcipal aéés. ¢H was
changed from 15° to 95°. Thus, one runlpf the measurement, for
a certain direction of the electric field énd the pick up coil,
was completed and the dependence of thevmagnetoeléctric signal
on ¢ for each © and magnetic field strength were élotted.
F Absolute magnitude of signals | i o

When 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 diffefeﬁt ruﬁs could not be
compared. directly, since that dépends on the total electric
polarization of the specimen. 'The-ME-poliﬁg atv77 K was not so .
effective as the ME cooling in the case of Cr203 (seé'Sec. 2-2-3)
and the relative magnitude of-thé ME tensér, normalized at the
largest value, wa#_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 voltageA
was supposed to be the cause. To eliminate the effect of this
depolarization, meaéurements 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],Vwas larger and the magnetic field was

stronger.

3-2-4 Measurement of elecffic susceptibility
In conmnection with the magnetoeiectric effect, efforts to
measure the electric susceptibility were made by thrée 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 mm in
this case and the area of the main electrodé wéé approximately

2 mmz. The sample was treated in the same &ay as described above,
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.except the eiectrodes.on (110) or_(llf) plane and the_électriqal
contact to it. The main electrode was composed of In soldering
and the guard electrode was made by silve; ﬁaste. ‘Aidoqblé
piston was pgeséed_to the electrodes by‘a phosphor—bronze spriqg;
through a hole of 4 mm diameter cut in the PMMA frame and

resin. (See Fig. 3-17.) During the.poliﬁg, the main and thé
guard electrodes were connected. ME poling ﬁaé-important'to
have reproducible results, At 77 K; the dielectric loss of
Fe304, 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 fuﬁctioq'of’é,
the diféction.bf the magnetization in (110) plane. ‘(SeevSet. 3—2—3,D)
The noise level was of the orderAqf several ténthS'of 1v in’
this case.
‘The b;eaking of symmetry in the 1ow.temperatu;e phase will
be reflected on the coefficient tensor of the magnetbeléctric
effect. Existence of a symmetry element eliminaﬁes éOrrespOnding
elements of the tensor. Table 3-I shows extinction ruleé for the

-> > :
terms linear in E and quadratic in M in the free energy expression.

According to Rado and Ferrari,lo)

these are the main terms in

magnetite, though there exist other terms such as ﬁuartic in M

or quadratic in.E. The present experiments also confirmed

this argument. A v
Signals showg in Fig. 3-6 are due to tﬁe terms E2M1M1’ EZMiMZ

and EZMZM2 (solid and open cirgles) and the terms E M, M, and

EZMZMB (triangles)., (For the coordinate system, see Fig. 3-2.)

Note that the total magnetic moment confined in the_(lIO)rplane

does not violate possible symmetry operations, GZR and &R,

where R is the time inveréibn operator. The nonexistence of

inversion.and twofold rotation is evident by fig. 5;6. To draw a

donclusion on mirror symmétry 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 Outpdt after 40 - 70 pulses versus ¢, the direction of
the magnetization within (1310). Experimentél conditions

are the same as in Fig. 3-5 except as indicated.
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Indeed, the efficiency of the dc pulses élong [1T0]

. suggests strongly that the crystal is nearly monoclinic. VWhen the
magnetization is confined in (1I0) plane, dc pulses showed
little effecf to increase the signal. If the magﬁetization was

tilted to [1T0] axis by the application of the external field,

" dc pulses along [110] was very effective. Thé phase of tﬁe |
signal can be reversed by changing the direction of.thevmagne—
tization tilting., This means that the electric polariéation>
lies almosﬁ within (110) plane but rotates to [110] or [110] by
the tilting of the magnetization from (110)_plane to [lIO] axis,
It is to be noted that this fact indicates atomic displacémént
due.to the change of the magnetization direction. Then, obserﬁétion _4
of the intensity change due té the tilting of the magnetization
does not make possible the separation of the nuclear and the mag- ‘

netic part of the neutron diffréction in the case 6f Fe304 below

TV. (cf. Fig.:7 of theAreferences).)

The accuracy of the orientations of the electric field, the
kpick up coil andvthe magnetic.field was estimated as.apprOXimately
one degreé or less. A signal in the order of 1 uV, or up to 1/15
of the maximum signals fgr other orientations of fhe electric
. field etc., was possibly caused by this errof. _Néﬁpérallel compo—
nent of the electricvfield at the edges of the electrodes or thatv
of the magnetization due to inhomogeneoﬁs demagne%iziﬁg field
willlamplify these spurious signals.

Let us assume that mirror symmetry does e%ist. Then? two

kinds of crystallographic domains with opposite electric
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Table 3-I  Extinction rules for the free energy, linear in E and

quadratic in M, in a crystal of C,, or lower éymmetry;

2h
Each one of the symmetry operations written in the

matrix eliminates the corresponding term. For the

coordinate system, see Fig. 3-2.

MlMl .Mle M1M3 MZMZ | M2M3 M3M3
E, I, c, I, c, I, 0 I, ¢, I, o i, ¢,
E, 1,¢c, I,¢ I,o0 I,¢ I,o I, C,
E, I, o I, 0 I,c, I,0 I,c, I,0
3 {1oj] 3 (1o}
’ 7/

[ - !
(@) (b)

‘Fig. 3-7 Possible directions of electric polarization with (a)
and without (b) the mirror symmetry. Directions of

arrows in the b plane have no meaning. (See Sec. 3-4.)
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pdlarization should exist in the squeeied and field cooled crystal.
(See Fig. 3-7.,) When an ac electric field is epplied along [110]
and the magnetization is rotated within (110) plane, perpehdieular
to the ﬁirror plane, signals picked up along [1I0] should be
symmetrlc w1th respect to [001] direction because of the mirrorxr
symmetry.. Setting errors of the crystal, however, results in

the siénai which is antisymmetric with respect to [001]. This
,.antlsymmetrlc part mus t be proportional to the symmetrlc part,
v51nce both signals are proportional to the volume fractlon of

the two kinds of crystallographlc domains, or the total.electrlc
polarizatien. The ratio of the antisymmetric part to the sym—
metric part depends only on the settiﬁg of the specimen.

On the contrary, if mirror symmetxy does‘not exist, the
electric polarization can deviate from (110) and there are four
kinds of crystallographic domains in ;he specimen. (See Fig. 3—7.).
In this case, there is an intrinsic antisymmetric part which is‘
proportlonal to the [110] component of the total electrlc
polarlzatlon and this antisymmetric part need not be proportional
to the symmetric part which depends’on the (110) component of the
total pblari;ation. |

Results of the experiment to clear up this point is shown
in Fig. 3-8. All the signals .are normalized to that at 6 = 90°.
H—lin the figure means that‘the measurements werércarried out
after the ME poling with 6 = 50°, less than 90°, whereas Ht
indicates the ME poling with 6 = 130°. Sign; after E indicate

the polarity of the dc pulses. The settiﬂg of the specimen was
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50° (H-) and 6 = 130° (). E+

or E- indicates the polarity of dc pulses.  Signals.

are normalized at 6 = 90°. Experiment was carried out
Xp : -

at 100 kHz, 15 VP_P, along [110].
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kept unchanged throughéut the measurement. Though the‘results
are‘different up to several per cent from run to run, supposed to
be due to fhe change in electrodes and/or lead wires, the differ-
énce.ﬁeﬁween ;ﬁo groups, No.3; No.8 aﬁd No.4,.No.5,'in the
antisymmetric baft is evident.k‘These-four give the limit of the
scattering of our results for eéch case. This proves thét mirror
symmetéy does not exist and the magnetic symmetry of magnetite

is triclinic at 77 K. As it is natural to assume that the
symmetry of the low'femperature 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 aléq triclinic: the same con—
clﬁsion as Rado and'Ferrari.lO)

It is to be noted that the mirror plane in question is (lIO)
inr the rhombohedral domain with [111] or [1I1] axis, but that is
(110) in the [lii]vor [111] domaiﬁ. Then, [110] pulses in the
[1TI] or [I11] domain with the magnetization in the (110) plane
correspond to [110] pulses in the {[111] or [111] domain with the
magnetization in‘(lTO) plane. Qualitative feature of [110] pulses
is expected to be similar to [112] pulses. (See Table~3;I.)

If squeezing was not complete and the [111] or [I11] domain

existed in the specimen, symmetric part of the signal will appear,
sign of which can be inverted only by the inversion of the pdiarity
- of dc pulses but not by the magnetig field direction during the
poling. Difference of the results for the runs No.3 and 4 or 7

in the symmetric part indicateS'tﬁat the fractgdn ofv;he [111]

and [111] domain is less than several per cent. This limit is
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consistent with X~ray measurement.

. By thg'rhombohedral distortion, a hhh Bragg spot splits into
four, two of which lie within the (110) plane. According té the
X-ray diffraction of our crystal with Mo Ko radiatiosm, thefé is
only one (10,10,10) reflection within the (110) plame below T,
with larger laﬁtice spacing than that above Tv' (See Eig. 3-9.)

We éxpect that the fraction of domains, with_the distortion axis
other than [111], is smaller than éeveral per cent.
3-3-2 Anisotropy of ME effect |

As was reported in Sec. 3-3-1 in detail, Fe304 is nearly
monoclinic at 77 K and signals were nearly symmétric or anti-
symmetric to (110) plane. In other words, signals, or the change
of the magnetization due to the appliea electric field; at 6 and
(180° - 8) for a ceffain value of ¢ 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-II.
Difference in the magnitude of the oﬁtﬁut for 6 and 180° - 6
was composgd of two parts: the‘intrinsic one and the leakage of
other signals. (See Fig. 3-8.) The former, the part corresponding
to the breaking of the monoclinic symmeﬁry, was-so small that it
could not be subjected to a quantitativé discussion. We will cdnfine
ourselves to the monoclinic part.

The output was proportional to the appliedlvoltage up to.
55V, within the accuracy of the éxperimeqt.' The eéffect quadratic
in E could not be separated, though the magnetic field dependence
of the electric susceptibility (see Seé. 3f3—45 indicated its

existence.
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Table 3-I1

Character of the signal with the mirror symmétry -
parallel to (110), corresponding to the direction

of the electric fieid and the axis of the pick up

coil.
E [111] [112] [110]
M
[111] Symmetric Symmetric ~ Antisymmetric
[112] Symmetric Symmetric Ahtisymmetric
[110] - Antisymmetric Antisymmetric Symmetric
Symmetric: signal(180° - 6) = signal(®)
.Antisymmetric: signal(180° - 8) = — signal(s8).
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Examples of the monoclinic part of the output are shown in
Figs. 3-10 ~ 13 for several values of 6. The signal for an
arbitrary ¢ was determined by the interpolation of the exPerimental

points,

According to the tilting of the magnetization from its

équilibrium position, Zeeman and crystalline anisotropy energy,

e? in eq. (3-2), increases as a quadratic function of the tilting

angle.

o 2 1
§e° = 666 +ae¢,666¢ + 3

Nt =

O L € )

Here, 8§60 and &¢' are tilting angles of the magnetization along
two great circles perpendicular with each other and crosses at
the equilibrium positidn. Note that the circle with constant
® is not the great circle and ¢ is not the coordinate. - (See

° e , and €°
86 04

Fig. 3—14.) € ¢|
for any (6, ¢) and H.

g1 cA0 be calculated from eq.(3-2)
In generél, the part of the magnetic anisotropy energy
. ME ] _
proportional to the electric field, & , has linear terms of
§6 and 8¢'. The deviations of the magnetization from the

equilibrium position are determined by the following equations:

9. 9 ME, _ o ' ME
305 = e(e + e ) = €96 56 + €6¢' §¢' + Eg = 0, ‘
1 R (3-4)
9 . . _ 9 MEy _ O & o' + eE o
'Eﬁﬁf = a¢,(s g ) ee¢,66 + e¢'¢.5¢ + €¢, 0.

The form of EME 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, B and y, signal is

= &M . + - + ind — vsi .
SaBY GMaBY' (o.cosBcos¢ + BecosbOsing IY51n6) M36

(3-5)
+ (- asing + Bcosd) *MSo'. v

Here, 6M is the signal due to the change in the magnitude of the
magnetization without tilting of the 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, -

Slid = GMliO - sinb ’MSS, .

Slli = GMllf f cosfsing MSO + cosd MSo', ) (3-6)
= : el '

Slll = 6Mlll + cosbcosp MO sing M&¢ .

' When the magnetization lies in the (110) plane,'sg¢, is
equal to 0 because of the mirror symmetry and §6 and 8¢' are

expressed simply,

ME

_ o
8o = ~ €q /866’ -
' (3-7)
ME, o
S = —~ .
¢ €¢ /€¢I¢l'

PR . o -1
As cos® = 0 in this case, Slio plotted aginst (Eee) ~ and

_ . o -1 . .
Slli °r,3111 plotted against (s¢,¢,) | shguld lie on a straight

line. The slope gives Egm and eﬁ%, multiplied by sin® (= 1),

cos¢ or sind, and the extrapolation of the line gives M as the

intersection with the coordinate axis. When the magnetization

is near (110) plane, i.e., ¢ = 55°, EZ¢J ié small and can be
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Fig, 3-14 Coordinates on a spherical sufface, 0, ¢' and ¢.
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Fig. 3-15 Plot of the output against'the inverse of the curvature

of € along 0, in the case of E Jf [110] and ¢ = 0°
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neglected in eq.(3-5). In this case, howyever, separatioﬁ of
signals into the rotation and non-rotation parts is possible

only for Slio’ as Slli and Slll have both 66 and 6¢"terms.

An éxample 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 M term is swmall compared with the 8§06 or &¢'
terms. We can thus conclude that the rotation of the magnetization

is the main origin of the ME -effect in Fe at 77 K.

3%
In the following, analysis of SME will be reported for the
electric field parallel to [1'i0] and [112]. In the case of
(111) elecérodes, the output was too small and its reproducibility
was too poor to be quantitatively analyzed. (See Sec. 3-3-4.)
A E Il [110]. -
Siﬁce the electric field is perpendicular.to the mirror
plane in this case, only the terms antisymmetric to (110) appear

’ \ ME s . .
in the expression of € . Spherical harmonics expansion of

ME .
€ gives

ME _ . ' . . ' .

€170 = E170 [a' cosbsinBsin® + b' cosBsinbcos?
+ ¢! cosSSsinesinQ + d! cos3esin6cos®
+ e'! coses£n3esin3® + f! cosGsin39c053¢

+ ...;.. ' v 1, (3_8)

where ¢ = ¢ - 55°, Hereafter, we will confine ourselves to

the spherical harmonics up to the fourth order. Then,
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B

= EliO [{a'sind + b'cosd
+ —-(c sin® + d'cosd® + e'sin3® + f'cosB@)}cosZG

+ —-(c sind + d'cos® + e'sin3d - f'cos3¢)cos46],

(3-9)

B

¢ = EIIO [a'cos® ~ b'sind +'c'c0326cos¢ - d'coszesinQ'
. 2
+ 3e'sin"0cos3® - 3f'sinzesin3®]'cose.

The problem is to determine six parameters, a' — f£'. The

process was as follows.

(1) 0 dependence of S ;ig at & = 0° (¢ = 55°) gives
' 1 v 1y = ' -3 3
b' + 3 (ar + £f') = - 112.5 (= 5) x 10 erg/em™/V/em,
2@ - £) =~ 17.5 (£ 3) X 107> erg/en’/V/cm.

(See Fig. 3-15.) SMliO was zero in this case.
(ii) ¢ dependence of S110 for 8 = 90°, deduced from a similar

plot as Fig. 3-15, gives

b' = - 102 (£ 5) % 10"3,
f' = 7 (£2) x 10'3,
a' + 3e' = 650 (+ 15) x 10'3,

~all in the unit of erg/cm3/V/cm. Since the variable range of
¢ in our experiment was only * 30°, where sin3% is nearly equal
to 3sin®, a' and e' could not be determined separately. In this i

case, also, 6M110 was nearly zero.

Above four conditions on b', d' and £' give

(87)



b' = - 1005 x 1073 erg/cmB/V/cm;
d'=- 27t 5 % 10"3,
f' = 7£2 x 107°.

(iii)A Frog the 6 dependence of Slll and Slli for & = 0,

c' - 3e',was.estimated as - 95 + 10 efg/cms/kV/cm on an assumption of

vanishing 8M111 and lelf'
We have only two_conditidns so far on a', c' and e', They

were determined by the comparison of the calculated SrOt

with -
the measured value in the whole range of 6 and ¢ where the
experiment was carried out. Though a', 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.

a' = 460 = 70 x 10_3 erg/ch/V/cm,

120 = 70 x 10‘3,

e! = 75 £ 20 x 10°°.

Note that * for a', c¢' and e' in eq.(3-11) are not indepeﬁdent
with each other. | |

Solid lines in Figs. 3-10 and 3-11 are calculated with fhese
values. As a whole, agreement of experimental points and calcu-

lated curves is good, except S for lower values of ¢ and

111

Sllﬁ for higher values of ¢. Since the signals for these
values of ¢ picked up along oﬁher directions are well reproduced

by the calculation, this discrepancy can not be caused by the

. o . : . . .
error in ¢ . Leakage of SlIO is also eliminated as SliO is
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symmgtric whereas Slll and Slli are antisymmetric. (See Table 3—II;)
The discrepancy at 6 = 70° was nearly twice of that at 8 = 80°:
nearly proportional to the E_coméonent of the magnetization for

the small value of @ — 90°. A possible origin of the discrepancy

is the M tefms in eq.(3—6). |

B E 1 [112].

Tn this case, electric field does not break the mirror

. symmetry and EME is symmetric to the b plane.

e?ﬁz = Ei13 [a cosze + b sinzesinZQ + c sin29c032®

+ d cosae + e cdszesinzesinZQ + £ coszesinZQCQSZQ

+ g sin‘0sink® + h sintBcos4d]. (3-12)
and

€y = Ellﬁ [(~a - d + bsin2d—+ ccos2d + gsin4dé + hcos49)sin26

1
+ 7(-d + esin2d + fcos2® — gsink® - hcos4®)sin4b

ME 2 (3-13)
€pr = Elli‘[Z(b + ecos”®) cos2¢ - 2(c + fcosze) sin2¢
. ., 2
+ 4g sin“0cos4® - 4h sinzesin4®] sin®.
Now, eight, instead of six, parameters are to be determined.
After a process essentially same as above but much more tiresome,
parameters were determined as follows:
= + -3 ' . 3
a= 100 =15 x10 o ~ erg/em /V/cm,
¢ = - 147 £15 X107, b= 664 x107°,
d = 32 + 10 x10'3,
f= 34 £ 20 x10—3, e=-27 %4 X10—3; (3-14)
Lo + -3 _ ' -3
h=- 14 £10 10 °, g = 9 %2 x10 ~,
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Again, * for a, c,.d, f and h are not independent.

Solid curves in Figs. 3-12 and 3-13 were calculated with these
valueé. Agreement between the calculated and observed vélues
is less well than the case of-E Y [lIO], though the character-

istic features of the anisotropy is reproduced. &M seems

110
absent in the whole range. For ¢ = 0°, this was proved by a

plot as in Fig, 3-15. On the contrary, SMlll and GMllf appeared
in the b plane, at higher angles of ¢ for the former and éﬁ |
lower angles for the iatter, and seéms to decreése rather
"slowly with decreasing 6 from 90°.
3-3-3 Relaxé;ion of the ME effect

When the frequency of the apélied voltage was increased,
magnitude of the signal increased but not so much as is expected
from the increase .of the pick up efficiency. Fig. 3f16bshows the
frequency dependence of the ME outpﬁt, normalized at the wvalue
extrapolated to 0 Hz, Again, E énd M weré both parallel_to

[1I0] in this case and the magnetization was set parallel to

1G01]. The frequency dependence can be explained by the equation:
2 2 , -
y=C/1+wr), (3-15)

if T is assumed 2 psec. Similar frequency dependence was
~observed for other directions of E and 8M, and for a specimen
with different dimension (2.3 mm cube).

Relaxation in the ME effect can originate from electric

and/or magnetic relaxation. TIf the coupling is through the
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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 smaller sample.

2 ﬁsec eeeme rathef long for a relaxation time of an
electron system at 77 K. Galt had reported a relaxatioe time of
appfoximately 50 usec in polycrystalline'Fe304 at room temperature

19)

by the initial permeability measurement. He attributed this
to the relaxation in the magnetic domain wall motion. On the

other hand, dispersionbin the dielectric propertiee of Fe304

or Y—Fe203 fine particles at low temperatures was reported.zo)
This was explained by the inhomogenelty 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 elear whether the relaxation in the ME effect has
a magnetic or an electric origin, we tried to measure the elect;ic
susceptibility of Fe304 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. When
the ac electric field was applied_alongi[lll] direction, the
output was smaller by approximately one erder of magnitude,
comparea with the results for [110] or [112] direction of the

electric field. The réproducibility was poor by the change of
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the.sample setting. This was supposed to be due to the 1eakaée
of signals by the non-parallel component of the electric field.
Tilting of the magnetization direction during the poling had |
little effect, in contrast to the case of (110) eiectrodes, and
the perpendiéular 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
'bétwéen'ﬁ and P,

At the same time, if the terms quadratic in ¥ and linear
or quadratic in ﬁ exist in the expression of the free énergy,
they will reflect in the dependence éf the electric susceptibility
on the direction of the magpetization. |

As was mentiqned in Sec. 3~2;4, high electrical conductivigyg
of Fe304 prevented precise measurement of € at 77 K. An examp le
of the results measured at 100 kHz is shown in Fig. 3-17, as a
function of the magnetization direction. To have é', the real
part of the complex susceptibility, the cépacitance in pF should
be multiplied by approximately 20 in this case. When measured
aiong [111] 6r [110], capacitance was almost constanf for chang-
ing 6, ¢ being kept 55°. ¢ dependence for ¢ = 90° was similar to
Fig. 3-17. Capacitanée along [111] was smaller than those along
[112] or [110] by about half én order of magnitude.

At lower frequencies, 1 or 10 kHz, the capacitance was much
larger than those at 100 kHz but the condﬁctange was nearly the
same, Howe§er, 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 relaxétion in the ME effect
shown in Fig. 3-16 has electrical origin. Here again, femperature
dependence is-interesting, though the measurement will be difficult
at temperatures higher than 77 K; Small ME coefficient for the
electric field along the [111l] axis seems also to be.attributed
to tﬁe small € along this direction.

Dependence of € on the diréctién of the magnetization
shows the existence of the ME free energy term quadfatic in %.
Strength of the external magnetic field or even the reversal of
tﬁe magnetization direction did not affect 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,0, at 77 K;is mainly ‘due to the rotation of spins, thdugh the
- non-rotation mechanism could not be totally excluded. The
non-rotation terms, §M, were too small to be analyzea quantitatively.
As for the rotation terms, magnitude of the pafameters 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, consideringvthe.reproducibility of the
expérimental results, we believe that these Qalues are not much
smaller than the proper ones. At any rate, relationships between
a'y es¢ , f' or a, ¢¢¢ , h are correctly given.

To interpret these parameters, we will assume that the
magnetic anisotropy depending on the electric polarization, f,
is small compared with thé total ahisotropy 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 fcllows:

JE 2, 2 2

A 20% Ky2s%% ~ Kppc o, = e
4 2 2, 2 2
+ K40ab N 2K42$°‘b 0LaOLc:: - K42c@b (aa - 0Lc )
2 2 4 2 2 4 (3;16)
+ 4K44saaac(aav o, ) + K44c(aa ,6aa»ac + o, ).
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oL, Oy and a, 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~épherical harmonics were

neglected.lg)

The eleétric polarization connected to this anisotropy
is parallel to the b plane, when the magnetization lies in the
same plane. |
"Application of the external electric field aloné‘[lio],
the b axis, rotatesj% withoﬁt the change of its magnitude, and
thus results in the rotation of the principal axes of EXE out
of the b plane, without the change of the magnitude of K's. I

we denote the small rotation of the axes around [110] axis by

8a and that around [001] axis by 6c,

ME
€170

1

[(~2K20+2K22C—K42c)6c - (ZKZZS—K4ZS)Ga]SinBCOSBSiHQ

+ [-(ZKZZS_K428)6C - (2K20+2K22c—K42c)5a]sinecosecos¢
. a3, .

+ [(—4K40+3K42C)6c - 3K4286a]cos 0sinfsind

+ [-3K )6a]cos3esin6cos®

ZI-ZSGC - (4K, +3K

40 42¢
3
+ [(KA2c—4K44c)6c + (K423+4K44S)5a]c03651n 6sin3®
i ' ' .. 3 _
+ [(~K428+4K443)5c + (K426+4K44C)6a]c05651n Ocos32, (3-17)

On the contrary, if the electric field is applied along [112],
parallel to the b plane, the electric polarization changes its

magnitude and is rotated around the b axis. Then,
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_ 2 2 .
..~ = 8K, . cos 8 - (6K228+2K2 éb) sin QSlﬂZ@

2c

: . 2 .
- (SKZZC-ZKZZSGb) sin 6;052@‘

+ 8K, jcos '8 = (8K, , +2K,, b) cos Osin0sin29
- (8X,, -2K, ., 6&b) coszesin29c052¢
42c " 42s ’
+ (8K,, +4K,, &b) sinéesin4¢
44s Thhe ,
b
+ (GK&AC+4K44s§b) sin f8sin4d, (3-18)

Here, 8K's are the change of the anisotropy coﬁStants and &b
is the rotation angle of the principal akesvofkeﬁg aroun& the
E_axis..

There are 19 unkown parameteré in eqs.(3—17).and (3-18),
eight K's, eight §K's, Sa, éb and dc. On the above assumptiop'
between P and ei?, however, K's are defermined by'P andHGK's are
proportional to 8P and (K/6K)'s, determined by P/8P, are constant.
If we define new parameters, A = 6a°K/6K, B - §b *K/3K and
C = 8c+K/8K, the number of inaependent parameters are decfeased
to eleven: eight §K's, 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
same value of the difference and the two sets of paraméter values
are sﬁown in Table 3-IL. In both cases, fourth order terms are
much smaller than the second order terms. _106‘erg/cm3/kV/cm

4

corresponds to 1.3 X 10 cmfl/Fe304/kV/cmtand should be compared
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Table 3~II - -Electric field dependence of the magnetocrystaliine

anisotropy constants ‘ V(Erg/cmslkV/an
Case 1 » Case 2
. + + 10
,6K20 100 + 10 105 + 10
+ - +
6K,y 45 % 5 9 * 5
oK,y ' 40 * 8 18 % 5
GKAO - 5 +* 3 - 9 + 3
- + +
6K42s 6 + 3 12 + 3 |
: - o - +
6K, , | 9 + 3 5 & 2
' - 92 % +
_6K445 2 + 2 2 + 1
+ +
6K44c ' l + 1 3 + 1
A = §aK/8K . 2.4% 0.5 -12.5 2
B = §bK/8K - 1.4 0.4 0.7+ 0.2
+ .0.4 - 17 + 1

C = §cK/8K = 6.5

¢ of the electric

. : -15 % 5° 109 * 5°
polarization
¢ of the principal 11 % 5° o 106 + 5°
, ME | . -
axes of e, in the -
‘ 79 + 5°

o+

b plane 3. v16'
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A Y

with 1.1 X 10—6 cm—l/Cr3+/kV/cm for Cr203 at 4.2 K (see Sec. 2-3-3)

or 9 X 10—6 cmfllkV/cm for ruby at the room.temperature.Zl)
The eléctric susceptibility of Fe304~at 77 K is approximately
50 times larger than that of'CrZQ3 (see Seé.'3—3—4) and the electric
polarizatibn dependence of the magnetic anisotropy energy is
almostvthe same. Consiéering the large differencé iﬁ the total
»anisotroﬁy energy, ME effect in Fe304‘is weakef than that in
Cr203a |
By the electric field applied along the b axis, P will tilt
to the b axis, or rotate around the axis perpendicular to both.
P and the b axis. Then, the azimuthal angle 6f“§, @P, can be
es;imated by tan—l(C/A). On the other hand, the principal axes
of the second ordef anisotropy is determined from KQZS and K22c'
These angles are also shown in Table 3-IL. In both case 1 and
case 2, one of the principal axes of EEE coincides with the
direction of the electric polarizationiwithin the exﬁerimental
error.‘ If we take a Cartesian coordinate (£, n, %), where L is

along the direction of the electric polarization and n is paral-

lei to the b axis, the second oxder terms in_ef? ére-expressed as
2 2 2 3 .
- 140q§ + 20(ag - ) (erg/cm” /kV/cm) for the case 1,
and
"2 2 2 :
- 190ac + lO(ocE - an) o - for the case 2,

where o, is the direction cosine of the magnetization to the

axis i. Here, let us try the order estimation of éME

A" VIn the
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present approximation, the magnitude depends on the electric polariéa—f
tion. 1If this is 1 uC/cmz, for exampie,AK's are approximately 3 times
as big és.ﬁK's for 1 kV/cm of the external electrié fiéld;_siﬁce.

the electric susceptibilities along tliO] gnd [1151 wefe about 500

(see Sec.'3-544). Then, the magnetic énisotropy energf aécom@anied

by the electric bolarizatioq is the order of 103 erg[cm3.- This

small value strongly suggests that the ME effect does nat play a |
primary role in the phase transition of Fe304 at Tv but only

a secondary one, At the same time, this supports our assumption

13)

of small SME and the calculation of e® from the data of Abe et al. ,

A
where no poling was perfofmed on the specimen.
The assumed ratio of 3 for K/8K gives the tilting angle of

the principal axes of e Sa etc., up to 2 X 1073 radian/kV/cem

ME
A
(case 1) or 5 x 10'_3 (case 2). In the case of ruby at 300 K,
the tilting of fhé spin axis due to the electric field perpen-—
diculaf to the c¢-axis was estimatediasil.G X 10—5 radian/kV/cmrzl)

The difference of the electric susceptibility being taken into

acéount, the filting angle is almost the samé for Fe304 and ruby.

3—4—2‘ Low temperature phase of Fe304 aﬁd the character
of phése_transition
In Sec. 3-3-1, it was disclosed that the low temperaturé phase
of magnetite is triclinic at 77 K. However, the breaking of mirror
symmetry is mﬁch smaller than the b;eaking of inQersion or two-fold

rotation. This was concluded from the fact that the difference

of the antisymmetric part in two measurements, after the ME poling
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with 6 largér and smaller than 90°, was only several per cent of
fhe total signal. In reported diffraction experiménts,12’14) it
seems that the existence of ﬁﬁe (4,4,1/2) refléction with an
intensity of less than severél per cent of that of (4,%,1/2) or the
broadenlng of (4, g ,1/2) due to the splitting by the order of O. 01°
has not been e11m1nated and hence the present result is not
necessafily inconsistent with the diffraction experiments. The
smallness of the breaking of the_mirrof symmetry suggests that it
is caused by a_pertarbation of -some highervorder interaétion and,
as the first order approximétion,‘magnetite at 77 K can be considered
as monoglinicf |

InlSec. 3-3-2, existence of non-rotation térm was reported
when(the applied'éiéctric field was parallel to [112] axié and
the éick up coil axis lay within the b plane. The term became
larger when the angle between the magnetizatiqn énd the pick up
coil axis inqreased. ‘This induction of the magnetization'perpen—
dicular to it without the'rofation of spins, can not be explained

in a colinear spin structure and leads to a model with two or more

spin axes.

&M

A site Az B-site

Fig. 3-18 A model of the non-rotation term., Magnetization is

induced perpendicular to the direction of net magneti-

zation,
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Consider, for example, that the sublattice moment in the B
site is composed of MBl and MBZ’ directions of which are little dif-

fefent,.though both lie on the b plane. . (See Fig., 3-18,) If

1

(JABI) increases with the aPPlicatién of the electric field within

the exchange coupling constant between the A and the B sﬁblattices

the—b_planetwhéreas that between thevA and the B2 suﬁlaﬁtices
(JABZ) decreéses, MBl increases and the total magnetic mbment
changes perpendicular to itself without the rotation éf spins,
External magnetic field does not affect this effect and this gives
a mechanism of the non-rotation or M terms in Sec. 3—3;2. This
aséumption of non-colinear spin structure also gives a natural
explanation of the decrease of the n6t.moment at Tv' According to

22) and Matsui et a1.17),

the precise measurements by Umemura et al.
magnetic moment measured along the easy axis decreases by 0.1 %:

s . 2+
splitting of spin axis should occur in the B gite. If only Fe
.spins tilt without change in magnitude, the angle between two spin
axes is estimated as about 2.6°.

~ Recently, M,Mizoguchi rgported a precise experiment of the

. 57 4 . . .

magnetic resonance of Fe” ' nuclei in a single crystal of Fe304 at .

23) Acéording to his experiment, there are five kinds of

4.2 K,
3+ . . e 4 . .

Fe™ ions on the B site, four of which locate on b-lines, i.e.,

the nearest neighbour sequence of B sites along the b axis, and

there is oniy one kind on a-~lines, Mizoguchi analyzed 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 in NMR lines. Of his four

models, No.2 has an ac glide plane perpendicular to the b axis and
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is consistent with our conclusion. However, this charge ordering

model has invérsion center, _To explain the existence of the ME

effect, some other parameters for the low temperature phase, e;g.;
AS mode of atomic displacement, should be iﬁtro&uced. Large electric-
susceptibility ;nd long relaxation tiﬁe being éénéidefed, there is

a possibility that atomic displacements coxresponding to an optical

phonon or the P2M2 term in the free energy plays some role. Ou -

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

25)

Chikazumi in comnection with the temperature dependence of the
critical neutron scatteringg) and that of the anomaly in the cubic

magnetic anisotropy constant and the elastic constant C44. One

dimensional diffuse scattering of neutrons or electrons above

T 26,27)

- shows a temperature dependence different from that of

9)

(h,k,0+1/2) type critical scattering. The temperature dependence

of the magnetic anisotropy also suggests two kinds of order param—

eters below Tv.28)

The existence of the inversion center would
not be a serious weak point of the model.
On the other hand, Mizoguchi's model has been received bitter

2,14) It was argued.that

complaints from diffraction experiments.,
there is a ¢ glide, instead of an ac glide plane and the moncelinic
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 Fe3 ions
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on b-lines that have a principal axis of the hyperfiné field
perpendicular to'the a plane, if we accept his assumptions* which
seems plausible, Still there ié a conflict cencerﬁing the symmetry
of the low temperéture phase of magnetite, but the point is out.

of reach'ofltﬁe ME gffect. vWé’can only emphasize the iﬁéortance
of‘makiég experiments on a single crystal and the necessity of ME

poling to have a single érystal of FeSO4 below TV;

® 1. The énisotropf of the hyperfine field atvthe‘nuclei of
Fe3+ ions is mainly due to the magnetic dipoie field produced
by neighbouring caﬁions.

2, Electron configuration on the six nearest neighbour B

site determines the symmetry of the anisotropy.

3. Anderson's restriction24); in an tetrahedron composed of
four nearest neighbour B site, there are always two et and
oy .

Fe3 ions,

L 4.
4, Equal populations-of Fez' and Fe3+ fons on a ¢ plane,.
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CHAPTER 4 SUMMARY

Magnetoelectic effect was inveStigated'for twoAmaterials
in this thesis. One is antiferromagnetic Crzd3 Which have been
studied mosﬁ-extensively, and the other is ferrimagnetic Fe304 .
below Tv; the low temperature trgnsition point. The effect.was
quantitatively analyzgd especially for the electric field parallel
to the ¢ axis in the former case and the crystal s&mmetry at 77 K.
was determined and the part of the magnetocrystalline anisotropy,
which is accompanied by the eleétric polarization, was estimated in
the latter case.

In Chap. é, stqdies on‘the ME effect of ¢r203 is reported.
ME susceptibility (a) 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 X to élarify the mechanism of the ME effect.

On the measurément of «, results are summarized as follows:
1) The linearity of the effect and the sign of a was directly
determined. When parallel ME’CQOliné'iS adopted along the ¢ axis,
ay in the high temperature region is positive whereas ay in the

low temperature region and o, are negative.

2) The characteristic values of a are determined as follows:

— -6
@, . = 23. x10 (cgs/g)
T = 255 K
“max

-6

%y og = 1.2 x 10 (cgs/g)
T.o = 87K
) . -6 .
o4 ok = 7. x 10 (ch/g)
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3) The temperaturé dependence of a is similar to that of previdus
reports, though the values are largef.than those preﬁibusly reported
exceptlfor the case of a”4.zk, data of Mercier in this case Was.'

. sugpected to be due to the setting errors of the crystal. ,b

4) al4;2k»is about SFtimes'iarger than the value of Astrov,

ME cooling élong.the E_axis-prdbably made this difference. Tilting
of rne spin axis, whiqh explain the value of o;, is 3 x 10—3
radian/kV/cm if s=3 uB/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 Cr>' in ruby.

6) ay at 4.2 K gives the value of §g on the assumption that &S = 0:

|dgl = 3.5 x 10‘:-'8 at E = 1 kV/cm.

7) An extraordinary effect was found inrohe 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 invefted byvfhe
inversion of the direction of ME cooling. Results were as follows.
8) The electric shift for the low frequency mode is ﬁggative when
parallel ME cooling is applied along the ¢ axis: the AFMR frequency
is lowered if the electric field is applied parqllel to the magnetf
ic field.: |
9) On the éign and the magnitude of the electéic shift, contri-

butions of mechanisms of parallel ME effect in Cr203_were separated

experimentally. Assuming S = 0 and using.the value of §g given
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above 6), 6D is deduced as

8D = - 1.1 x 10"6 cm.-l at E = 1 kV/cm,

This magnitude is only one tgﬁth of that on ruby;
10) Not only the magnitude but alsovthe sign of 6D can not explain
oy in high témperature region.

Studies OnAFe304.areAréported in Chap; 3.
11) The crystal symmetry at 77 K was determined to be " 1 ",
However, | |
12) Breaking of the mirror symmetry parallel to the b plane was much
smaller fhan that of inversioﬁ or two-fold rotation parallel to the b axis.
13) ME poling is effective to make the cfystal detwinned:'Fe3O4
is ferroelectric aﬁ 77 K, '
14) A Richter type relaxation was discovered in the ME éffect.
The relaxatibn time is 2 ps at 77 K. This seems to originate ffom
‘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. farameters expreséing the rotation
term were determined for the extefnal electric field parallel to
[110] and [ili] axes. Ihe magnitudes aré up to the order of 500
erg/cmB/kV/cm. |

17) Thé magnetic anisotropy accompanied by the electric polari-

zation was deduced from the anisotropy of the ME'effect._ Two
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possible directions of the electric polarization were estimated
from the rotation of the coordinate and from the principal axis
of the anisotropy. This part of the mdagnetic anisotfopy energy

is much smaller than the net anisotropy energy.
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