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Abstract—Using the model of single-domain particles, a theoretical analysis of the propertieemdif

forms of piezoremanent magnetization is carried Do relationships which determine piezoremanent mag-
netization within the entire range of stresses are obtaimedmechanisms of magnetization areeaded. It is

shavn that in the weak field approximation the magnetization of the first type has a quadratic dependence on
the magnetic field and weakly depends on stresses, while another type of magnetization, which mainly deter
mines the piezomagnetidett, is proportional to the field and stresses. Magethe magnetization that forms

in the course of a change in stresses parallel to the fieldagshigher than the magnetization that appears as

a result of action perpendicular to the field.

PACS numbers: 91.25.Ng
DOI: 10.1134/S1069351309010091

Seismic and elcanic processes thaany the distri- 1970], theoretical studies of which are based on the
bution of internal mechanical stresses in the Earthinodel of multidomain particles [Naga and Carleton,
crust can lead to the piezomagnetieet, which @en- 1969].

tually exerts a change in the geomagnetic fidltle Therefore, our study of the properties of piezorema-
study of the piezomagneticfeét males it possible t0 ent magnetization of the system of single-domain par

investigate magma intrusions andleanic upheaals, ticles can epand the basis of piezomagnetic research.
to carry out monitoring of accumulation of seismic

stresses, and to determine the changes in stresses duff Uniaxial mechanical stresses are applieg) or

ing earthquaks [Uyeshima, 2007The adantage of removed @) in the presence of magnetic field,f,
this method is the ability to directlwaluate a change then ~ so-called  piezoremanent ~ magnetization
in mechanical stresses under theatef comparing the 1+(H,0.0,H,) appears [Ohnaka, 1969], which can sig-
experimental data with the kmm solutions for partic- nificantly exceed the isothermal remanent magnetiza-
ular types of sources of elastic stresses, fample, tion I.(H,Hy). It has been @erimentally shan
faults and point sources ofgansion or dislocations. [Nagata, 1970; Nagfa and Carleton, 1968, 1969] that

Piezomagnetic research [Delgje et al., 2004] has Within the range of weak fields andwanechanical
shavn that in the case oblcanic eruptions, the changeSI'€SSes, magnetizatitiH,o,0,H,) is proportional to
in the geomagnetic field reaches 1Q while in the field H and stresses. Moreover, it depends on the
case of seismic phenomena, the changes in the field @¢ual orientation of field and stressése transersal
smaller by an order of magnitude [Johnston et al., 199%€zoremanent magnetizatioH (1 0) in spite of the
Uyeshima, 2007]. Such a substantiafeténce stems INcrease with an increase in smalls alvays by 10—
from the deeper occurrence of sources of seisn#@%0 less than the longitudinal magnetization is gener
stresses in comparison witblganic phenomena. ated in the field parallel to the StfeSSE%((‘hOﬁoHo) <

An additional reason for the change in the intensi;[;w(H 6.,0,H,))
of geomagnetic field can be the accumulation of ' '+ +"0 0//*
stresses as a result of subduction process [Nishida et al.Nagata [1970], summing up the results to his
2004]. Modeling of this process [Nishida et al., 2004fsearch, came to the conclusion that the piezorema-
has sha/n that the eperimentally obseed change in nent magnetization & caused by the ixersible dis-
the geomagnetic field coincides with quant&ati placement of boundaries #9° domainsThis alloved
assessments if the senstyy of magnetization to stress him, together with Carleton [Natp and Carleton,
is higher by an order of magnitude than the setitgiti 1968, 1969], to construct the theory of piezoremanent
predicted in [Stageand Johnston, 1972; Naig, 1968, magnetization, which is in a good agreement with the
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64 AFREMOV, PANOV

experiments described alm Howvever, the proposed the enggies of shape anisotrp@and crystallographic
mechanism of piezoremanent magnetization is nanisotropy,

unique.Thus, Dunlop et al. [1969], on the basis of .

simplified epression for the critical field of the irre- 1o .2 ~

versible change in the magnetic moment of a singl ~ F = —715Sin 3{3A100(1 + cos2¢ cos2P)

domain grairH,(0) = Hy(0) — 3A0/1 (wherelg andAg .

are the spontaneous magnetization and isotropic mi + 3\ 111sin2¢ sin2B)o (1)
netostriction constant), sived that the relationships + k(1 + COS20 CO2b + SiN20sin?

between the diérent forms of piezoremanent magneti n(1+ cos20cos2¢ + sin2asin29)
zation presented abeare also fulfilled for the system +Ka(1+cos20)} —(H, 1y).

of single-domain particlesThe model of single-

domain uniaxial particles made it possible in the lo :
stress approximation, whei o/l < H,(0), to calcu- Here,3 and¢ are the polar coordinates of thector of

late different forms of piezoremanent magnetizatiogpontaneous magnetizatio?g, counted from aes

[Afremov and Belokn’, 1980a, 1980b]. _ ~ , =
(0000and [0100] respectiely; Ao = Ajgo/ls, A111 =

However, the majority of magnetic minerals of B .

rocks are multiaxial crystals, foxample, containing Aui/ls. Ao, @nd A, are the magnetostriction con-

magnetite or titanomagnetite. Mok@n, the mechani- stantsky is the shape anisotrggonstant, equal to the

cal stresses that appear as a result of seismic procedifference in the demagnetizinactors along the short

may not satisfy the smallness conditidherefore, we and long a&s;k, is the dimensionless constant of crys-

can quite naturally>@end the model utilized in [Afre- tallographic anisotrop H = {H, 9., ¢,4}; and9,, and

mov and Belolkn’, 1980a, 1980b] to the multiaxial par ¢, are the polar coordinates oéator H. Relation-

ticles, as well as to determine the piezoremanent Mighip (1) can be corrted as follws:

netization within the entire range of stresses.

F= —%Iisinzﬁ
1. EQUILIBRIUM STATESAND THE CRITICAL ~ @
FIELD OF SINGLE-DOMAIN RARTICLE X { 3N1000 + ky + kp + Kcos2(¢p —0)} —(H, I).
M odel In the case when the mechanical stresses are parallel to

the plane in which lie axik,[and the major axis of the
1. We consider an ensemble &f single-domain ellipsoid, the dective anisotroy constanK and angle
noninteracting magnetic particles incorporated in trd, which assigns the position ofedtive axis relatve to
nonmagnetic matrix, which ka the shape of oblong axis [k [parallel to axiS100L] are determined by the

ellipsoid. following relationships:
2. The crystallographic symmetry of magnetic 5 5
material is assumed to be cubic, and the axis, separe K= «/kN +2ky K cos(2a —Y,) + Ki,
by the crystallographic anisotrpfaxistk,[), males an ) ~ 3)
anglea with the major axis of the ellipsoid. tan2s = kysin2a + A20sin23

3. The uniaxial mechanical stressegsmakes an [Kal + kycOS20 +A10COS2f3

anglef with axis[k,[if they are applied in the plane in

which lie the major axis of the ellipsoid afl[Jaxis, ~ [simo, ka>0
or the mechanical stressesare perpendicular to this A =0 ~
plane. H(A100+ 5A111)/2, k<O, @
4. The condition of magnetic uniaxiality is satisfiec ~ [3;\111, ko>0
[Sholpo, 1970Q]. A=0 . ~
2100+ A111), Ka<O.
5. The magnetic moments of one-third of particle H(2Aw0t Au) A
are considered to be oriented along tkieemal mag- _ _
netic fieldH, and the remaining particles are perpendic g, = A/(lkA| + )\100032[3)2 + ()\nginzg)Z,
ular to it. B
I : _  A0sin2f ©)
The equilibrium states of the magnetic moment ¢ tany, = = .
such particles can be determined by minimizing tt |kal + A10Cc0S2[3

free-enegy density which includes the engies of the
magnetic moment of a particle in the field of mechan In the second case (the mechanical stresses are
cal stresses and thgternal magnetic field, as well asapplied perpendicularly to the plane that contains axis
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PIEZOREMANENT MAGNETIZATION OF THE ENSEMBLE 65

(k,(Jand the major axis of ellipsoid),

K = Jk§+2kN(|kA| +A10)cos2at + (|K,| + A10)%,(6)

kySin2a
IKa| + kyCOS20 +A10°

tan2d = (7

Analysis of free engy (2) shaevs that in the absence of
magnetic field, the equilibrium positions of the mag-
netic moment of a grain coincide with the position of
effective axis.

£

ZZ
ks 0

\

The critical field of the irneersible change in the
magnetic moment of grain can be determined by mini- ko
mizing epression (2). Rgardless of sign ok, we

have
Fig. 1. Calculation of the longitudinal piezoremanent mag-

Hy = K, ) netizationl!r| (0,H,Hyop). See tet for explanations.

where the déctive anisotroy constanK is determined
by relationships (3)—(6A specific feature of relation-
ship (8) is nonmonotonic dependence Hyf on the
shape anisotrgpIf o ||H, then with an increase I,
the critical field reaches the minimum of,,, =
K,lsin(2a — Y,) whenky = —K,cos(2a — ). In the case
o [JH, the minimum of the criticaldld of H.i, = I{(|Ka| +

A10)sin20a is attained whetky = —([Ks| + A10)cos2a.
Obviously, in the system of particles thatealifferent
elongation, the spectrum of critical fields should be dis-
tributed fromHg,i, t0 Hypnax = ls(Ka + ky). IN view of
symmetry of &pressions for the critical field (3), (6),
and (8) with respect th, andK, = K,(0), the depen-
dence ofH, on mechanical stresses is also honmono-
tonic with respect t&; = K,(0).

2. PIEZOREMANENT MAGNETIZATION

If we consider that the particles of ensemble are dis-
tributed throughout shapkj and angleg) = 2a, then
to each particle with critical field (8) on the plane (see ™~ = _
Fig. 1), it is possible to assign a point with the polar tzationl, (o,H,H0p). See tet for explanations.
coordinatesky, Y). Then, the represented points of
particles with the critical fieldsl, < H fall into the
range bounded in the diagrark{W} by a circle of 0
radlusl-_|/lS W|§h the center at poilg,=K,, ¢ = = . I _ 1y q
Accordingly, in the second case (I H), the condition 17(0:H.Ho00) = 7 I P
H, < H is satisied by the particles whictafl in Fig. 2 0
into the rgion bounded by a circle of raditl with o + arcsinXK,(— cos(— Gg) + /X~ S (W b))

. N 9
the center at poify =k, + A\10, =Tt x J’ f(ky, W, [3)dk(N )

The particles whose representatpoints are pre- WomareSINy  coctur— ) — S — 00
sented in Fig. 1 determine the remanent magnetization : ° °

. 2
1"(o,H,H,0,). The magnetization!!(c,H,H,0,) that _ _2cH JG(WZ, X)dB
0

Fig. 2. Calculation of the trangvsal piezoremanent magne-

arose in the fieltH < K|, can be represented with the 3T[2k0| K_l
help of the folleving relationship:
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66 AFREMOV, PANOV

U, k@ % | m
c
+ (dy [dky[= —=-(dB
Jav] g 6n2kJ
U7 kﬁi 0 0

x mez[e(a(ws), X) — G(a(W), X)]

+ ka(Sinys— sing,) + K, X [2G(a@s —Wo), X) (1)
~G(a(Ws —Wo), X) = G@W,—Wo), X)]

|

_ + Ky(SIN(W, = W) = SIn(Ws ~ ) + 2K,(SinE — ¥

L rO(W)B(ws) 8(y)10
| Sgoeteg) < B G

Fig. 3. Calculation of the longitudinal piezoremanent mag-
netizationl| ',' (H,0,00Hp). See tgt for explanations.
X = Hikalg, X = HIK,lg,

wherev is the wlume of particleV is the wlume of . L (2) _ -
samplec = Nv/V is the lilk concentration of magnetic "WNere the relationshipky, , () = K,(—cos(y — W)

material, G(a, X) = F(a, X) — (F(a, X) — E(a, 2))/%, F(a, X), 2 200 1) _ _
E(a, x) are the elliptical intgrals of theifst and second X =sin'(w - o) ) and Kn,, (W) = Ky(-cosy ¥
kind, respectiely, X = H/K,l, f(ky, U, B) represent the

distribution function throughoukty, . andp, which is A/xz—sinzlp ) are the equations of circles in polar coor
assumed to be uniforrfiky, U, B) = N/67ek, if 0< ky<  dinates; ki) = ky(sing —x)/sin(y — &) and k{’ =
ko, 0 < <21 0 < B < 1 andf(ky, P, B) = 0 outside of Ka(sing + X)/sin(y) — &) determine the equations of tan-
the indicated intel. Relationship (9) can also be use@ents to these circles (see Fig. 3); amdp) =
to ||r| (0,H,H,0,), whenk, < 0, using the appropriate arcsin( sin)/x) andy; are the solutions of the follong
expression foK,. In the case of o fieldsH < kyJsand  equations:sing, = x, ki (W) = ki (@), kG () =
stresses MO, A0 < K, the magnetization k() ), k) () = k& Wy), k& (W) = k. (Ws), sings =

|| . . . ~ o~
Ir(0_+H+H000) is proportional to the square of theld X, tanE = (A2/A1)tan2B, 6W) = (1 +cosW)/(l —
and it \ery weakly depends on the stressgamdless of ).
the sign ok,:

~ .~ In the approximatiom < Kal andilo, ;\20 < Ka,
1_()\10) + (A20) } (10) expression (11) can be reduced to the form
T Eaal

(o, H.He00) = Ir(H)[
cA|o|H

A

. I|rl(H+0-+O-0HO) = ||r|(0+H+H000)+3nk k ' (12)
Here,l,(H) =I,(H,H,) = cH*/6k kal is the normal rema- olKal
nent magnetization. .
Analogouslyit is possible to conduct calculation of 4|)~\ |5 E?N\ 2
magnetizatiori','(H+G+GOHO) (see Fig. 3): N = H1IJ1+ [EX_% —1}sin2ndn
1
cl 0
(H,0,00Hg) = —= - .
++ D
61k, AN EET [ dd fcR) 03
0 T y D;\DD, 2 1
U = 0 1
x (dBOfdw [ dky+ [dw [ dky+ [dw [ dk A U TS
IBEI W [ dk+ [y [dia+ fdy [dky E‘ME% 1—@‘—1%5, N >,
S TR b b Oom RS
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PIEZOREMANENT MAGNETIZATION OF THE ENSEMBLE 67

It is olvious that in contrast td'r'(0+H+H000), the
piezoremanent magnetizatid>F1(H+o+crOH0) generated
in low fields H < |)~\10|IS, |)~\20|IS) is almost propor
tional to H and o; morewer I'r'(o+H+H000) <

11 (H.0,00Ho).

If stresses are applied perpendicularly to the plane
containing the axis of crystallographic anisoyr@md
the major axis of the ellipsoid andkf > 0, then, the
particles whose representeti points &ll into the
shaded rgion in Fig. 2 will contrilnte to the magneti-

zation 1, (0,H,H,0,):

clg
17(0,H,Hy00) = 3k,
1+ arcsi (Ka + A10) (- cosp + m)
X I I dky Fig. 4. Calculation of the trangvsal piezoremanent magne-
. . 0 .
Ti— arcsinX (Kt R10)(_ cost— m) (14) tization I~ (H,0,00H,). See tgt for explanations.
2
= T G(2, X)
3t +A10)]
o(Ka +A10) 1 [1—M}G(G(L|J2) X) — siny, + [1+ )\kl—o}smtng
= H A 0
(Kp+ A10)1

whereX = H/(k, + )~\10)IS.

In the apprOX|mat|on of lo fieldsH < k,|; and stresses . . ~
In low fields H < k,lg) and with the stresses dfo,

)\10 )\20 < k,, relationship (14) can be reduced to the

following form: A20 << Ky, relationship (16) can be reduced to the form
\ c/hi0lH
12(0,H,Hy0,) = |r(H)%L—T‘kLCE. (15) ' (H,0,00H,) = IrD(0+H+H000)+3|T[k1 |||(A|- (17)
A

It is olvious that relationship (17), just &k(12),
Calculation of I (0,H,H,0,) is analogous to the depends on the sign of the constant of crystallographic

calculation of1!(H,0,0,H,) given abee. In the case anisotrop.
whenH = Kyl andkA >0, in the &, Y} diagram (see

Fig. 4), the shaded geon corresponds to remanent 3. RESUIOS AND DISCUSSION
magnetizatiori,D(H+0+00H0).Therefore, we will hae Our enables mads it possible to distinguish ow
basic kinds of piezoremanent magnetization of the sys-
Or-w, HI(1 siny) tem of single-domain particles, which féif in the
O _ Clg mechanism of formatiol.he magnetization of the first
I-(0.H.HoGo) = 6nkog,[ dy I dkv  kind, 1.(0,H,H,0,), which arises in the presence of
5% k. cosy— i sity) mechanical stressesis equvalent to the normal rema-

nent magnetization(H,H,). The mechanism of forma-
i tion of the piezoremanent magnetization of the second
o (katAo)(-cosp+IXi-siy) [ kind, I,(H,0,0,H,), which is generated when there is a
+ I dy I de% change ino, is connected with the nonmonotonic
0 behaior of the critical fields of particles. ®@lusly,
Ka(— cos + /3% — sin’y) 0 (16) precisely this kind of piezoremanent magnetization
mainly determines the piezomagnetifeet.
_ clgknO n o(y,) ‘G For the comparison with thexgeriment we will use
= kXN 8(W,) (a(W,), x) the works [Nagita and Carleton, 1968, 1969; Mgy
of] ! 1970]. In these wrks, the properties of the piezorema-
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68 AFREMOV, PANOV

Dependence of the ratio of the longitudinal and transversal piezoremanent magnetiZbtions, oy, Hp), the constant of
proportionality of piezoremanent magnetizat@hand sensitivity of remanent saturation magnetizajgof titanomagne-
tites Fg _ . Ti,O,4 On titanium concentration The maximum values of coefficients corresponkhte 1, the minimum values
correspond td, = 41t The values o, ka, A, @andA,;; utilized in the calculations are borrowed from the work [Syono, 1965]

X 0 0.04 0.1 0.18 0.3 0.56
1 (H,0,04H)/ 17 (H,0,00Ho) 1.34 1.40 1.53 1.66 1.81 2.38
cl . 10%CGS 2.2 1.9 1.8 3.2 3.6 13
cl . 104cGs 0.2 0.2 0.1 0.3 0.3 1
Brs maxe 1070 Pt 0.5 0.9 1.2 3.0 4.3 23
Bes min 10 Pt 0.06 0.13 0.21 0.5 0.9 6

nent magnetization formed in the weak fields (1-20 Ogbality I,D(0+H+H000) < I',| (o,H,H,0,), which agrees
with the relately small longitudinal or trangvsal with the experiment of [Nagta and Carleton, 1968]. If
compression (less than 120 kgfRnare most ther k, > 0, then the gien relationship is fuilfed only with
oughly studied.The eperimental fields and stresses\,,, > 0, and the werse relationship between magneti-
satisfy the approximation ofwofields H < kalg and  zations corresponds togaive values of\ .

stressesf(lcr, A20 < ky), utilized in the presentavk.
Indeed, assuming for magnetjkg| = 0.6 (ky < 0), I =
480 CGSM g0 =-2.0x 105, A,,, = 7.8 x 105 [Syono, tions1!'(H,o,0,H,) andl,' (H,0,0,H,), just like in the
el = NP Nt = theory [Nagta and Carleton, 1969], are proportional to

1965], we hae:kals =240 0e,\10 =0.09, 220 =0.04 " 0 ™ 2ng ™ stresses  and  their  ratio
(with o = 120 kgf/cm). i 5 ~
_ o _ Iy (H,0,00Hy)/1; (H,0,00Hy) = A/A1 depends on the

In this approximation, the piezoremanent magneinagnetostriction constants and the sign of the constant
zationl(a,H,H,0,), regardless of the field and stressyf crystallographic anisotrgpThis result difers from
orientation, depends quadratically on the fielehat obtained in the model [Nata and Carleton, 1969]
(I.(o,H,H,0,) ~ H?) and weakly depends an More- within the frama&ork of which the ratio
over, in contrast to the results of [Afremoand Iy g g,H,)/1"(H,0,0,H,) = 4/3, which does not

Belokon’, 1980b; Afremov and Rnos, 2004] and - :

' ’ ! . ree with the results okperiment [Nagta and Carle-
[Nagata and Carleton, 1969], the increase in the, ™ 1g6g) accordinge to \Evhigh this ratio
stresses parallel to the fieldgaedless of their signand 7, ' '

the sign of the constant of crystallographic anisqtropllrl(H+0+CoHo)/|rD(H+0+GoHo) = 1.1-1.4. Calculation of
should lead to a decrease in magnetizatidhe ratio of magnetizations for titanomagnetitesasho
||r|(0+H+H000)1 which agrees with thecperimental data trlllat dependlr;g on the titanium concentration
in [Nagata and Carleton, 1968The efect of stresses !+ (H:0.00Ho)/1 (H,0,00H,) = 1.34-2.38 (see table).
perpendicular to the field under compression should

increase the rate of guth of IrD(0+H+H000) by a factor
of (I + |10l /ky) and decrease it by adtor of (1 — 1(H,0,0,H)/1;(H,0,0,H,)

IA10] /ks) under atension. It should be noted that the = 1+ (AA1=1)/(1+TH/2A 01,

ratio of increments4l,(o,H,H,0,) = 1,(0,H,H,0,) — °

I(H,H,) of the piezoremanent magnetizations causeshd for magnetite, whek, > 0, depending on the
by weak efiects parallel and perpendicular with respecitresses and  magnetic  field, the  ratio
to a lav field H, regardless of the sign of the constant of Il HY/ 12 (H H.) can \arv from 1 to 5.2
crystallographic anisotrgpis determined by the fol- (H:0.00Ho)/ 1 (H,0.00Ho) y '
lowing relationshipAl 'r' (o, H,H,0p)/Al rD (o, H,H,0p) < .
1, which is difered from that obtained using the model (H,0,0,H,) can \ary by a &ctor of O to 4.5, respec-
of multidomain particles [Nagja and Carleton, 1969] tively. If ks < O, then I'r'(H+0+00H0)/I,D(H+0+00H0)

Ao, H,H,0,)/A17 (0,H,H,0,) = 2. Morewer, for |
titanomagnetiteskf, < 0), magnetizations formed in thetakes alues from 1 to 1.34, an (H,0,00Hy) can

presence of axial compression pliee followving ine- exceed IrD(H+0+00H0) up to 34%, which agrees with

In low fields H < )lecls, XzGls), the magnetiza-

If conditionH < |7~\1000| I, is not satisfied, then

and the ®eceeding of I'r'(H+o+00H0) above

IZVESTIYA, PHYSICS OFTHE SOLID EARTH  Vol. 45 No. 1 2009
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the results of measurements [Mdésy and Carleton,

1968; Nagta, 1970] (10-35%).

It should be noted that the rate cdriation of
IlHooH) -Cho) = IHooHH =
(clo)3ri,k)A, calculated for 116 kgf/chand concen-
trationc = 102, depending on elomagionk,, which can
vary within the range from 1 #rt, depending on tita-
nium concentration in titanomagnetites, are disted
within the range (0.2-2.2) 10 CGS for magnetite
and (1-13)x 10* CGS for titanomagnetite with =

0.56 (see the tablehhese alues are in agreement with
the measurements carried out with the samples of igne-

6.

ous rocks(:';Xper =(0.2-10) x 10* CGS [Nagta, 1970].

5.

Taking into account the correlation between the rate

of change in the piezoremanent magnetiza@band the

sensitvity to stres$, it is possible to justify the assumption 7.

of [Nishida et al., 2004] oralues of3 ~ 10 Pa' that are
higher than those presented in [Stae&d Johnston,

1972],B ~ 10 Pa!, utilized for modeling the piezo-

magnetic dect. The high alues of sensitity to

stresses can be connected with the high concentration
of titanium in the rockThis assumption can be con-
firmed by calculation of senasitty to the stress for the

remanent saturation magnetizatifp,= A2/2(Ky + k),
which is presented in the table.
The relationships obtained in the presentkwvare

valid for ary values of stresses and in the approxima}-o'

tion A1 0, )Nxzo < K,, include the results of [Afremvo

and Belolon’, 1980b] if in formulas (12), (15), and (17)

we replace\s with A1 — Az, Az with As, ks + ky with

Ka+ ky+ (Xl + 5\2)0, where)~\i :)\i/lﬁ,)\i are four mag-
netostriction constants of the uniaxial crystal.
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