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Nucleation during photoinduced
spin-reorientation transition
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Conditions of new magnetic phase nucleation during photoinduced spin-reorientation
transition in homogeneously magnetized volume of doped yttrium-iron garnet are consid-
ered. The threshold densities of photoinduced uniaxial magnetic anisotropy and the corre-
sponding critical linear dimensions of the nucleus are established depending on the material
properties, magnetic anisotropy of initial state and irradiation conditions of the magnetically
ordered medium. The limiting values of the mentioned threshold densities and minimum
impurity concentrations defining the existence area of the photoinduced spin-reorientation
transition in homogeneously magnetized volume of ferrite-garnets are determined.

PaccmoTpeHbl ycioBus 00pas3oBaHMUsA 3apOABINIA HOBOM MarHUTHOH (aswkl B mpoiecce ¢o-
TOMHAYIUPOBAHHOTO CIMH-IIEPEOPUEHTAIMOHHOTO IIepexofa B OJHOPOAHO HAMaTHUUYEHHOM
o0beMe JIETUPOBAHHOTO WTTPUI JKEJe3MCTOTO TpaHATa. ¥CTAHOBJEHBI 3HAUEHUS IIOPOTOBBIX
ILJIOTHOCTEM 9Hepruu (hOTOMHIAYIUPOBAHHON OJHOOCHOI MArHWTHOUN aHM30TPOIUU U COOTBET-
CTBYIOIIIIe WM KPUTHUYECKHEe JWHeHHble pas3Mepbl 3apoAbIllla B 3aBHUCHUMOCTU OT CBOMCTB
MaTepuajga, MaTHUTHON aHW30TPOINHU MCXOMHOTO COCTOSHUS W YCJIOBUII 00JyUeHUs MarHUTO-
ymopsmoueHHo# cpeanl. IloayueHbl IpefeabHbIe 3HAUEHUS YIOMSAHYTHIX ITIOPOTOBBIX IJIOTHOC-
Teli ¥ MUHUMAJBHBIX KOHI[EHTPAIUl IPUMeECHU, OTPAaHWUMBAIONIUE O00JIACTh CYIIECTBOBAHUS
(boTOMHIYIIUPOBAHHOTO CIMH-IEPEOPUEHTAIIMOHHOTO IIepexosa B OJHOPOJHO HAaMaTrHUUEHHOM

obbemMe (peppuT rpaHATOB.

Photoinduced spin-reorientation phase
transition (PISRT) in single crystals of fer-
rite-garnets (FG) is due to the appearance
of uniaxial photoinduced magnetic anisot-
ropy (PMA) and represents the reorienta-
tion of magnetization vector M between
easy magnetization axes (EMA) of FG [1].
The domain structure (DS) rearrangement
during the PISRT occurs via nucleation and
growth of a new magnetic phase nucleus [2, 3]
in a region with initial metastable magneti-
zation state (MMR), which appears in an
irradiated FG volume [4]. The MMR forma-
tion results in an increased magnetic anisot-
ropy (MA) energy of a magnetically ordered
medium, since in its volume, directions of
M and easiest magnetization axis coincide
with different EMA of FG [4, 5]. The MA
energy is minimized at formation of the nu-
cleus [2, 3, 5], that is a subarea with collin-
ear orientation of the M and easiest mag-
netization axis. The aim of this paper is to
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determine threshold values of the PMA en-
ergy density and critical (at the nucleation)
linear dimensions of the nucleus depending
on the material properties, MA initial state,
and irradiation conditions of an homogene-
ously magnetized volume of the magneti-

cally ordered medium.
The nucleation has threshold nature [2,

3, 5, 6]. In the domain theory approxima-
tion [7], the nucleation condition in the
MMR volume can be written as [2, 3, 5]:

8By = ([ eqdv - [[] Qav=E, O
V \%

0 0

where AE, is reduction of the MA energy-
due to the nucleus appearance; e4 = ex + ep;
e =e) +el; ey, ex, ep and €Y, e, e are
energy densities of MA, crystallographic
magnetic anisotropy (CMA), PMA before
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and after nucleation, respectively; V,, the
MMR volume; E,, the nucleus energy.

The nucleus shape obtained during
PISRT experimental research in a homoge-
neously magnetized local volume of the FG
[2, 8] is shown in Fig. la. For this nucleus,
E, can be presented as the sum of nucleus
domain wall (DW) energy E,, demagnetiza-
tion energy E_,, appearing at violation of
divM = 0 condition for the nucleus DW,
and magnetoelastic energy Ep, occurs due
to magnetostriction. Both from the view-
point of the surface and that of the mean
demagnetization factor, the nucleus volume
can be approximated by an ellipsoid of revo-
lution (Fig. 1a) [8]. Then the components of
E, can be written as [9]:

E, =72R},0,/¢&; 1)
E, = 2nR} (cq1 + c19)(Ag0/4 + 8hy11/2)%/88;
2
E, = 8n2¢¢In2/E) - UM R}, /3,

where o, is the surface energy density of
the nucleus DW; Rkp, critical nucleus radius
(minimum value at the nucleation) equal to
the ellipsoid half-minor axis (Fig. la); {, a
numerical factor depending on the material
permeability [10]; c¢;; and c¢q,, elastic
moduli; A,y and Ay;;, magnetostriction con-
stants; &, the ellipsoid a small-to-large axis
ratio; M, the saturation magnetization of
the medium material.

The energy density er is set by the ex-
pression ex = K (040 + 0405 + O05) +
K,030303, where K, and K, are first and
second CMA constants; 04, 05, Og, direc-
tional cosines of M with reaspect to <100>,
<010>, <001> crystallographic directions,
respectively [7]. As the polarization vector
E of optical radiation is orientated along
one of <111> directions in the (110) plane
of the FG, the density ep at an arbitrary
irradiation moment ¢ can be presented as
[4]: ep =—Gp(Iy,t) Op(Iy,t), where Gp(Iy,t) is
the PMA constant; ©p(Iy,t), a function
characterizing angular dependence of the
PMA energy; Iy = IoIg(x’, 2")exp(-ay’) and
Ig(x’, 2’), functions describing the optical
radiation intensity distribution in the me-
dium volume and on its surface, respec-
tively; Iy, maximum optical radiation inten-
sity in the cross-section of light spot at the
medium surface; o, optical absorption of
the medium material; x’, y’, 2’, space coor-
dinates (Oy’ axis is collinear to the optical
radiation wave vector k). The MMR forma-
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Fig. 1. New magnetic phase nucleus shape a
(a) and concentration dependences (b) of
minimum lg‘ikr; values (curves 1 and 1’) and

rgtikr; (curve 2) of the MMR dimensions in a

homogeneously = magnetized volume of
YIG:Fe?* at T = 77 K. The Torp values (cm):
0.05 (1); 50 (1'); rgtik?, =L'/2E (2).

tion results from a spatially inhomogeneous
distribution of Iy, caused by non-zero o value
and inhomogeneous Ig(x’, 2') distribution. As
the PMA symmetry axis is oriented along a
crystallographic direction of <111> type,
then the density ep can be written as [4, 11]
ep=—-G(x', ¥, 2)cos20/3, where G(x’, Y/, 2)
is the PMA constant; 6, the polar angle of
M (0 is counted from <111> direction
collinear with M orientation in the nu-
cleus volume after nucleation). Then AE, =
~Gp(cos20; — cos20,)V, ;. , where 6; and 6,
are angles defining the M orientation in the
nucleus volume prior to and after nuclea-
tion; Gp, the average value of Gp(Iy,t) in
Vo Vakp» the critical (at the nucleation)
nucleus volume.

The nucleus is formed in volume V [5]
having maximum linear dimensions 2r; and
lyp in the medium plane and in its depth,
respectively [4]. These sizes limit the corre-
sponding maximum linear dimensions
2Rkp/§ and 2Rkp of the nucleus (Fig. 1a). Thus,
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the £ parameter and the nucleus critical ra-
dius should simultaneously met the conditions:

Ry, <1lo/2, Ry, <Er,. 2)

As the irradiation duration increases,
the sizes ry and [, the MMR volume, as
well as the Gp value increase sequentially to
coincidence with the corresponding parame-
ters of irradiated volume as well as with
the maximum value G,,,, of the PMA con-
stant [4], respectively. That value G, =
—8ANB/3(94, + 7B), where N is the total
amount of transition metal (TM) ions with
orbitally degenerated ground state in FG
[12, 13]; A, the spin-orbit splitting constant;
Ay =[1 +[v/A exp(-E,;/ET) + vo/A exp(—E,5/ET)];
E,; and E 5, low- and high-temperature ac-
tivation energy, respectively; v; and v,, cor-
responding frequency factors; £k, the
Boltzmann constant; T, temperature; A and
B, phenomenological constants [14]. Thus,
all the listed MMR parameters (ry, Iy, V)
and GP) are interdependent for an arbitrary
irradiation moment ¢. The nucleus is
formed only in a critical (minimum) MMR
volume VO kp where Gp = Gy, and ry = okp
at ro kp > lO kp/2§ and/or lO = lO,kp at
logp < 28rgp, (where Gy, is the threshold
value of the PMA energy density for which
the condition (1) is satisfied). Taking into
account (1) and (2), the density G,;,, de-
pends on the correlation between 2&r) ,,, and
lo,pp and is defined by minimum of those:

;0,}:7 + 2mE2In2/8) - 1M + e, (32)

cosze1 - 005262 2l ip = 2o pp
e 42“0 " + 2nE2(In2 §> 12 + ep (8¢)
LG”" cos’ 91 - cos292 a "0kp = lO,kp/2§

where ep is the magnetoelastic energy den-
sity [9]. The & parameter and critical nu-
cleus radius are defined by equations:

&312In(2/€) - 8} = 30,/ 8roM2,,  (4a)
Rkp = lO,kp/2 at lO,kp < 2§r0,kp. (4C)

At photoinduced nucleation in FG with
CMA in initial state, the initial and new
magnetic phases are energetically identical
outside of the volume V. In this case, as
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well as under condition that ro)kpzDO’/2
and/or lj,, 2 Ly, the linear dimensions of

Vo,rp are determined by the corresponding
medium linear dimensions: ry;,,=Dy/2,
lowp = Lo’ where Ly’ and D, are the me-
dium thickness and its minimum size in its
plane.

Since the values ry,, and [, ,, depend on
the initial MA state and conditions of the
medium irradiation, then the threshold en-
ergy density Gy, and critical nucleus radius
Rkp can change within some ranges of values,
G < G, < GRAX  and Rmln < Ry, < R,
respectively. Thus, the value G,;, and the
linear nucleus dimensions R,, and 2R;,/§
(Fig. 1a) decrease and increase as o,kp OT
lop Tise, respectively, i.e. the nucleus of a
minimum volume is formed at a maximum
value of the threshold PMA energy density.
In a medium with initial CMA, the nucleus
with Rp* is formed as GIin is attained dur-

ing irradiation of spatially unrestricted
(Lo’ Dy — o) medium:

PN

%ax - R}g}ax =% Emin = Smin’s (5a)

T = Gyt = (5b)
2n§§ 2002/ ) —11IM?2 + ep
cos?0; — cos?0, '

For é/min < \'eR/TCCMz, the é/min value is

defined by the equation:

gInln[ln(z/grﬂln) ] = eR/2n§M2. (6)

In medium with a combined (CMA and
FMA) magnetic anisotropy (CPMA) in the
initial state, the nucleus with R};},ax appears
as G is attained during irradiation of the

medium spatially unrestricted in its plane
(Lo > 1/a, D'y — o).

max = Rpax = 1/2q; &

min — 0, (73.)
n}llin — ~n}1lin — M (7b)
thr = TR 60520, — cos20,

The nucleus with Rg}}n appears at
max = GPax = GRax =G, .. in the critical

volume of the MMR with the minimum
sizes 1y, = 18, or/and Iy ., = g
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min (82)

0,kp ~

_ 3noc ©

’
2(G (cos?0; ~ cos?0,) - 2nt2 C[ln 2 i -

max max
max

pmax_ (8b)

0,kp
3110

’
) - 1]M2

(cos? 0, - co§62) 21'55_,max@[lné::’ma - eR{

4{émax max

PN

where GJ}2% or G?}lﬁx is maximum G, value

in media with CMA or CPMA, respectively.
The nucleus linear dimensions are defined
by equations:

~ -

g}]m — g}]lnA_ mm — 181,1121;)/2’ (9)
E-rmax - E-rmax_ E-rmax’

~

where Rmlrl or Rmln is the minimum value of

R}g};n accordlngly in mediums with CMA or

CPMA.
The &,,,, value is defined by the equa-
tion:

(gmax {2111(2 /E-rmax

The values l{)n}g}, and er)‘f}g}) define the

minimum values of medium thickness L§in

- 8| = 30,/ 8§ M*C.(10)

and the linear size of an irradiated medium
volume in its plane, respectively, at which
PISRT is still possible. A general trend to
reduction of the above-mentioned parame-
ters in a yttrium-iron garnet (YIG) is ob-
served as the TM ion concentration xp,
rises (Fig. 1b).

The DS photoinduced rearrangement is
observed in YIG doped with Fe2* jons [1-3,
6, 15] and Co2?* ones [16] at 77 K and
295 K, respectively. At T = 295 K, such re-
arrangement was observed only in an irradi-
ated FG volume containing DW of the in-
itial DS [16, 17]. The DS rearrangement in
YIG:Co?* was explained by the high contri-
bution of Co?* ions into MA energy and by
slow PMA relaxation [18, 19]. From this
viewpoint, YIG:Ru2* could be found to be a
photomagnetic of good prospects: the Ru2*
ions give maximum contribution into CMA
energy of YIG among TM ions of iron and
palladium groups [13]. The concentration
dependences of the threshold PMA energy
density in YIG:Me (Me=Fe2*, Co2*, Ru3*)
and critical nucleus parameters in YIG:Fe2*
for various initial MA states and FG irra-
diation conditions are shown in Figs. 2
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Fig. 2. Concentration dependences of threshold
densities Gﬁllrn (curve 1), G?}llrn (curves 2 and 2'),
G, (curves 4-9) and GJ}5* (curve 11) of the
PMA constant in YIG:Fe?* at T = 77K. The
dependences 2 and 2’ are obtained for optical
radiation wavelength A = 1.15 and 1.06 um, re-
spectively. The relations 4 through 9 are ob-
tained at rgfikf; < L'o/2E for ry,,, mm: 20 (4);
2 (6); 0.1 (7); 0.05 (8); 0.01 (9).

through 4 and 5, respectively. The ?}Llrn

?}Llrn and G

threshold PMA energy density, wherein the
PISRT is possible in a homogeneously mag-
netized volume of YIG:Me with initial CMA
The PISRT is also
possible only in a limited range of TM ion

max Values limit a region of the

or CPMA, respectively.

concentrations me < Xpe S xff2* where
EPZ G, The points 1-10 in Fig. 2—-4 cor-
respond to minimum concentrations xfji®

for various MA initial states and FG irra-
diation conditions:
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Fig. 3. Concentration, dependences of _the
threshold densities G;‘,‘Lirn (curve 1), G?}lirn

(curve 2), G, (curves 3 through 10) and

G33* (curve 11) of the PMA constant in

YIG:Fe?* at T =77 K for L'y < 2&r,,,. The
dependences 3 through 10 (Fig.a) are ob-
tained at L'y < o1 and Torp = 50 cm for Ly,
mm: 0.6 (3); 0.1 (4); 0.05 (5); 0.01 (6); 0.005
(7); 0.003 (8); 0.001 (9); 0.0005 (10). The
dependences 3 through 9 (Fig.b) are obtained
at L'y = ol (A=1.15 um) for rokpr CM 50
(3); 20 (4); 10 (5); 2 (6); 0.2 (7); 0.05 (8);
0.01 (9).

xjin = (11)
= 8.886 - 10723G,, {9[1 + (v, /A)exp(-E,, /kT) +
+ (vo/A)exp(-E 45/ kT)] + TB}/AB2.

These TM ion concentrations in YIG is a
sufficient condition for PISRT in the RMM
volume with threshold density G,,,. Irre-
spective of MA in the FG initial state, any
limitations of the MMR volume result in
increased G, and, as a consequence, xji

values (curves 3—-10 in Figs. 2 and 3). In-
crease of the latter results in reduced con-
centration region of PISRT existence from
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Fig. 4. Concentration dependences of the
threshold density (curves 1, 1° and 17),
GMin (curve 2° and 2”) and G?}}B (curves 11,

thr

11" and 11”) of the PMA constant in
YIG:Fe?* (Fig.a), YIG:Co?* (curves 1’ and 11)
and YIG:Fe?* (curves 17 and 117) (Fig.b) at T
= 295 K. The dependencis 2 and 2’ are ob-
tained for A =1.15 and 1.06 um,
tively.

respec-

maximum value in spatially unrestricted
MMR volumes down to a single concentra-
tion in the case of MMR volume with r{)n}%
or/and [§ln.

The qualitative nature of concentration
dependences of G,;, depends on the limita-
tion extent of the RMM volume (Figs. 2—4).
This is due to the different relative contri-
bution from energy E, components. At con-
siderable MMR volumes (g 3, 2 ly 5, and/or
rO,kpZ?O,kp)’ it is just the energy Ep that
predominates among the E, components.
For a fixed MMR volume, its concentration
dependence causes non-monotonous nature
of the corresponding dependence of Gy,
with minimum value at xp,, = xff¢ (Figs. 2—4).
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Fig. 5. Concentration dependences of & ..

(curve 1), £ (curves 2 through 9) and ¢, .
(curve 10) of the &-parameter (Fig.a), and
Rg}}n (curves 1 and 1’°) and Rg}ax (curves 2 and
2’) of the critical nucleus radius (Fig.b) in
YIG:Fe?* at T =177 K. The dependences 2
through 10 (Fig.a) are obtained for r;, , cm:
50 (2); 20 (3); 10 (4); 2 (5); 0.2 (6); 0.01 (7);
0.005 (8); 0.001 (9); rgl,};;? (10). The relations
1 and 1’ (2 and 2’) in Fig.b are obtained for
Tokpr CM: 0.05 (1); 50 (1"); A, um: 1.15 (2);
1.06 (2).

The xff! value depends on the impurity
type, the MA in theinitial state, and the FG
irradiation conditions. The minimum wvalue
GHin is attained at xfff = xfj, or xfi, in FG
containing TM ions, giving contributions to
YIG constants Aygo and A;;; of different
sign (Co2*) or positive (Fe2*), respectively
[19]. Here, xf}, is Fe?* or Ru3* ion concen-
0 [9, 13, 20], and xfj,
the concentration at which a spontaneous
spin-reorientation transition between mag-
netic phases <111> and <100> in YIG:Co2*
takes place [13]. In YIG:Me (Me=Fe2*, Ru3*)

tration at which ep =
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with xye = 2ffe, GHiM = 0, i.e. PISRT in this
FG has not the threshold nature (Figs. 2—-4).
In FG with CPMA in initial state, the GIi»

always exceeds zero. A reduction of [,
and/or r0.kp results in increased energy E,.

A consequence thereof is the increase of
minimum value G,;,, and values xff! (Fig.

3a). The concentration dependence of E, de-
fines monotonous character of the corre-
sponding G, dependences at Iy, <lg .,
and/or Tokp < ?O,kp (Figs. 2b and 3). For
YIG:Fe?* at T =77 K, the values of [,
and 7 5, are 8 to 9 um and 100 um, respec-
tively.

At T =77 K, PISRT is possible in
YIG:Fe2* both with CMA and CPMA in the
initial state (Figs. 2 and 3). As to T =
295 K, the PISRT conditions are not met in
the mentioned FG with CPMA in the initial
state. At room temperature, it is potentially
possible only in YIG:Fe?* and YIG:Ru3*
with initial CMA (Fig. 4). However, this
possibility will be realized in a very narrow
range of ™ ion concentrations
(Axpe = *fJid — xfj@* < 107%) in MMR vol-
umes hardly realizable in practice (lf)n}g;)>

104 cm). At T =295 K, the PISRT condi-
tions are not met in homogeneously magnet-
ized YIG:Co2* at any concentrations xgy2*,
initial state MA, size and FG irradiation
conditions. For YIG:Co2*, even the.mini-
mum possible threshold value GH{iM=

0.33ek, at xc 2t = x@h = xf 2+ exceeds es-

sentially the crresponding value G, =
1.410°8 ey, (Fig. 4), where ex, = K;/3 +
K,/27.

In spatially unrestricted MMR with in-
itial CMA or CPMA, the nucleus parameters
R}g},ax or £ do not depend on the medium

material properties and have infinite and
zero values, respectively. The concentration

dependences of R and & ;. , as well as of

}g}}n, are defined by the corresponding de-
pendences of optical absorption and energy
density ep of the medium material, as well
as on its minimum thickness, respectively
(Fig. 5). The linear dimensions r, kp Of the
volume V), defines the { parameter in a
spatially restricted MMR volume. Its con-
centration dependence is monotonous. The
reduction of & parameter as x);, rises is due
to a corresponding reduction of the nucleus
DW energy, noticeable especially as xp;, ap-
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proaches to xK’Ae. The & value increases at

decreasing ry j,. Such increase is due to a
rising E, with increasing deviation of the
nucleus DW planes from equilibrium orien-
tation in FG with CMA [7] at decreasing
MMR volume.

To conclude, PISRT in a homogeneously
magnetized medium starts with formation
of a nucleus of a new magnetic phase as the
threshold density of PMA energy is attained
in the critical (minimum) MMR volume. The
PMA energy threshold density is defined by
the minimum linear dimension of the vol-
ume mentioned. Depending on the MA in
the initial state and conditions of medium
irradiation, the PMA energy threshold den-
sity varies between limiting (minimum and
maximum) values, which are attained in
spatially unrestricted and minimum possible
critical MMR volumes, respectively. These
minimum and maximum values limit the re-
gion of PISRT existence in a homogeneously
magnetized medium. The threshold density
of the PMA energy is defined by the me-
dium magnetoelastic properties and nucleus
demagnetization energy at considerable and
minor RMM volumes, respectively. The
minimum threshold energy densities are at-
tained in media with a minimum magnetiza-
tion and magnetoelastic energy, in particu-
lar, in FG with strongly anisotropic TM
ions providing positive contributions to
magnetostriction constants of YIG. The
critical (at the nucleation) nucleus linear
dimensions are defined by the correspond-
ing maximum linear dimensions of the criti-
cal MMR volume in depth and in the plane
of the medium.
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3apoAKOYTBOPEHHA y mpoieci GpoToiHaAYKOBAHOTO
CIIiH-TIepeoPicHTAI[IHHOTO Mepexoay

B.®d.Kosanenrxo, O.B.Tuuko

PoarasanyTo yMOBM yTBOpEHHS 3apoAKa HOBOI MarHiTHoi (¢asu y mpoleci ¢oToingykoBa-
HOT'O CIIiH-IepeopieHTAIlifiHOIO IIepexoAy B OMHOPiZHO HaMarHiueHomy o00’€Mi JIeroBaHOI'o
iTpi#i sasismcToro rpamaTty. BcTaHoBJIeHO 3HaUueHHSA IMOPOTOBMUX T'yCTHH eHeprii ¢oToimmgyko-
BaHOI ofHOBicHOI MaruiTHOI amisorpomii i BigmoBigHi iM KpuTuuHi JiHeliHi posmipu 3apomka
B 3aJIE}KHOCTI BijJ BJacTHMBOCTell MaTepiany, Mar"iTHoi aHizoTpomii BuxXigHOro crany i ymoB
ONpOMiHEHHS MarHiTOYIOPSAKOBaHOTO cepemoBuIna. OTpuMaHO TPAaHMYHI 3HAUEHHS 3Traja-
HHUX IIOPOTOBUX T'YCTHH i MiHiMaJIbHMX KOHIIEHTpAIill AOMIIIKH, IO OOMEXKYIOTh 00J1acTh
icHyBaHHS (POTOIHAYKOBAHOTO CIIiH-IIEPEOPi€HTAIliIHOTO IMepexoay B OJHOPiJHO HaMarHiueHo-

My 00’emi (pepur-rpanaris.
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