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Neutron dira tion experiments have been arried out to study the magneto rystalline anisotropy of two (2b
and 2d) Tm sublatti es and four (4f , 6g , 12j , and 12k) Fe sublatti es in ferrimagneti ompound Tm2 Fe17
(spa e group P 63 =mm ). We determine the temperature dependen e of the magnitude and orientation of
magnetization for ea h of the thulium and iron sublatti es in the range (10300) K. A spontaneous rotation
(at about 90 K) of the Tm and Fe sublatti e magnetizations from the -axis to the basal plane is a ompanied
by a drasti hange in the magnetization magnitude, signifying a large magnetization anisotropy. Both Tm
sublatti es exhibit an easy-axis type of the magneto rystalline anisotropy. The Fe sublatti es manifest both the
uniaxial and planar anisotropy types. The sublatti e formed by Fe atoms at the 4f position reveals the largest
planar anisotropy onstant. The Fe atoms at the 12j position show a uniaxial anisotropy. We nd that the
inelasti neutron s attering spe tra measured below and above the spin-reorientation transition are remarkably
dierent.
ombination of the properties just in the RT

1. INTRODUCTION

pounds is quite
Sin e the 1970s,
earth (R) and

ompounds that

omprise rare

3d transition (T) metals and exhibit large

magneto rystalline anisotropy (MA) and high Curie
temperatures (TC ) have been the subje t of intense
investigations in view of possible engineering appli ations [1℄.

f -shell

rotation in the

and the large
The orbital

ele trons is not quen hed and its

rystalline ele tri

eld (CEF) of uni-

axial symmetry results in a signi ant energy

In general, the origin of su h a bene ial
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momentum of

However, quantitative
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properties of RT

rently rather limited in their
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plest phenomenologi al expression

annot be used di-

re tly to des ribe the energy of these

Ean
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ompounds:

M(

the physi al standpoint, the

E = Ean (H  M);
= K1 os2  + K2 os4  + : : : ;

)

and

K2

are the rst and the se ond MA

onstants.

Equation (1) des ribes the

ase of uniaxial symme-

try.

hosen su h that the de-

The MA

onstants are

M(H)

penden es

obtained from the minimization in

Eq. (1) are tted to experimental magnetization

essary to have in view what
responds to a spe i
Third, in the RT

,

whi h is

alled the magnetization
ompounds, the ee t

an rea h tens of per ent [2℄. There is also a di ulty
in the
are

ases where higher-order

K2 , K3 ; : : :
K1 .

onstants

omparable with or even larger than

alisti

models, where main intera tions responsible for

a

properties of the system are taken into

ount expli itly.

stru ture for RT

Presently, models of the magneti
ompounds are mainly based on the

following assumptions.
First, in

ompounds with T = Co, Fe, the ex hange

an be regarded as a

where
and

IRT

onstant

KT

ET
where

MT

T

and

= KT os2 T

and

#H

HMT

os(T

)

#H ;

m is the unit ve

where

H with the

is

about 30 K), and it is mostly negle ted.

f -shell

ele trons with the CEF plays

where

Bnm

an be dened

= (gJ 1)I;

(5)

J

and

I

is the ex hange parameter, whi h
ompounds.

Using

an write the energy of an RT

om-

= ER + ET ;  
HR
;
ER = T ln Z; Z = Tr exp
T
HR = HCEF + Hex gJ B (H  J):
E

(6)

E turns to be a fun tion of several
MT , KT , I , B20 , B40 ; : : : even in the

The energy

of the simplest RT
and

KT

paase

ompound (with one R and one

For su h a magnet, the values of

MT

are strongly limited and determined quite well

ompounds.

The magnitudes of the CEF parameters

and the intersublatti e ex hange (and, perhaps, the
oupling in the R sublatti e) have to be determined
from the

omparison of and

onsisten y between the

results of the largest possible number of various experiments.

intera tion is usually given in the form

Quite suitable for that purpose are the RT

ompounds with a spontaneous spin-reorientation tran-

= B20 O20 + B40O40 + : : : ;

(3)

sition (SRT) [5℄.

The SRT originates from a

ompe-

tition between the R- and T-subsystem anisotropies.

Onm

The former dominates at lower temperatures, whereas

Formally,

the latter is dominant at higher temperatures. Many

are the so- alled CEF parameters and

are the Stevens equivalent operators [4℄.

IRT

pound as

In the R
quadrupole

the main role (see, e. g., [3℄). The Hamiltonian of this

HCEF

ompounds,

from the experiments on isostru tural YT (or LuT)

tem is usually rather weak (a typi al temperature is

moment of the

J

tor in the dire tion of the T-spin

onstant over a given series of

T sublatti e).

-axis.

(4)

is the Landé fa tor of the R ion with the

Eqs. (2)(5), we

Se ond, the ex hange intera tion in the R subsys-

subsystem, the intera tion of the ele tri

gJ

momentum

rameters:

are the respe tive angles formed by

(m  J);

is the parameter of the RT intera tion,

IRT

is

(2)

IRT

as

su ient to des ribe the MA of the T subsystem. As
a result, the energy of the T subsystem is given by

=

the isostru tural RT

lassi al ve tor and the

The rst

The intersublatti e

moments. Assuming that the De Gennes rule holds for

energy of this subsystem an be des ribed by an expression of the type of Eq. (1).

ompounds, the ex hange inter-

is the operator of the total momentum of the R ion,


 1000 K). Therefore, magnetization of the T subsysMT )

or-

as

intera tion in the T subsystem is very strong (TC
tem (

Bnm

an be written in various ways. We write it

ompounds, it is ne essary to use more re-

the magneti

ombination of

ause it magnetizes the R ions.
intera tion

To properly des ribe these and other pe uliarities
of the RT

eld of the

intersublatti e intera tion) is extremely important be-

Hex

tion magnitude on

parameters are the

harge-density distribution.

urves

aused by the dependen e of the magnetiza-

Bnm

a tion between the R and T subsystems ( alled the

The problems emerging in su h a pro edure are

anisotropy ee t. In some RT

hanging the MA

rystal in Legendre polynomials, and it is therefore ne -

in the best way.
partially

allows

oe ients in the expansion of the ele tri
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the polar and azimuthal angles of magnetization, and
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Bnm
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different ways of nding the ex hange and CEF parameters have evolved from the

2. EXPERIMENTAL DETAILS

onsideration of the

I , KT , and B20
temperatures of the beginning (TSR1 ) and
of the SRT, and the ratio between I and

2 17

The Tm Fe

SRT [6℄, be ause the relation between
governs the

2

end (TSR )

B20

determines the magnetization anisotropy in the R

MR = MR(TSR1)

(

MR TSR2 )),

subsystem (

on. The SRT may also be a

and so

ompanied by a large mag-

netization anisotropy in the T subsystem [7℄. It is also
worth noting that an approximate
major anisotropi
tems o

ompensation of the

ontributions of the R and T subsys-

urs in the SRT region, and that is why minor

ontributions (whi h are not seen at the ba kground of
anisotropi

ontributions)

In this respe t, the

2 17

The Tm Fe

2 17

ompound Tm Fe

is a very

urs at 90 K [8℄.

ompound has a potential of being appli-

2b and 2d)

types of Tm positions (Tmb and Tmd ) even in the

ase

rystal stru ture. The nearest-neighbor Fe-

atom surroundings of these sites are almost identi al,
whereas the thulium surroundings are quite dierent.
Therefore, the CEFs that a t on the Tmb and Tmd ions
an be dierent; for example, it is reported in Ref. [9℄
that the parameters

b
B20

and

d
B20

(for Tmb and Tmd

respe tively) have dierent signs. Su h a situation is of
interest with regard to modern

al ulation te hniques

of the CEF [10, 11℄.

2 17 , the Fe atoms also o

In Tm Fe

upy diverse sites.

No less than four Fe sublatti es (Fef , Feg , Fej , and
Fek )

an be distinguished [12℄. Their

the MA energy of the Fe subsystem

ontributions to
an also be dier-

ent. It is hardly possible to determine the magnitudes
and signs of these
tion

at. % of thulium was used to
evaporation.

ontributions if only the magnetiza-

urves are measured. However, if the orbital mo-

mentum of the T atoms is in ompletely quen hed, this

ompensate for the Tm

The powder sample was prepared by a

pounding of the ingot.

The single

rystalline sample

was grown by remelting the ingot in a tube furna e
with a high temperature gradient and

ooling slowly

through the melting and the perite ti

rea tion tem-

perature points.

It was shaped as a spherule about

2 mm in diameter.
urves (! -s ans) of the single

Ro king

able for studying the CEF. There are two (
of an ideal

(3N) and Fe (4N) elements in an indu tion furna e under a prote tive helium atmosphere. An ex ess of two

an be revealed there.

suitable obje t, in whi h the SRT o

alloy was prepared by melting Tm

rystal were

measured with the double-axis E-4 dira tometer at
the Helmholtz Centre for Materials and Energy, Berlin,
with the in ident neutron wavelength 2.44 Å.
Neutron powder dira tion patterns were re orded
with the HRPD dira tometer at the Neutron S ien e
Division HANARO in the temperature region 10300 K
with the in ident neutron length 1.835 Å. The s ans
were obtained in the range

Æ
of 0.05 .

2 = 7Æ159Æ with a step

In addition, a position-sensitive dete tor

system was used for the measurements in the range

2 = 2Æ6.7Æ.

The data analysis was done using the

FULLPROF renement pa kage [14℄.
The inelasti
was

neutron s attering (INS) experiment

arried out with KDSOG time-of-ight spe trom-

eter with the inverse geometry at the pulsed rea tor
IBR-2 of the JINR. The spe tra were measured at 10,
60, 120, and 300 K. Pe uliarities of the KDSOG spe trometer (a Be lter before the dete tor and low energy
resolution in the small energy transfer range) do not
allow measurements in the energy range 02 meV. For
these reasons, we performed the INS measurements in
the energy transfer range 2100 meV.

be omes possible by means of the neutron-dira tion
data and the simplest phenomenologi al theory [13℄, as

3. MODEL

is des ribed in what follows.
In this paper, we report an elasti

and inelasti

neutron s attering study on powder and single- rystal

2 17 .

Tm Fe

This study was aimed at

1) determining the temperature dependen es of
magnetization for ea h of the two Tm and the four
Fe sublatti es;
2)

studying

the

SRT

and

the

magnetization

anisotropy ee t in the Tm and Fe sublatti es;

b
d
3) determining the I , B20 , and B20 parameters and

the MA

onstants of the Fe sublat-

ontrary,

the ex hange in the T subsystem is very strong. Then

MST )

the spin momentum of the T subsystem (
onsidered a

an be

lassi al ve tor, whose magnitude (and

therefore the value of the

I

parameter in Eqs. (4) and

(5)) depends only on temperature (I

 MTS ). Both the

ex hange eld from the T subsysten and the external
eld ae t the R ion.
ontrols the

onstants of the Tm sublatti es;

4) estimating the MA
ti es.

As mentioned above, the ex hange intera tion in
the R subsystem is very weak and, on the

E

The dire tion of

energy of a

rium, the R-ion magneti
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entirely

rystal, whose equilibrium

orresponds to the minimum
the equation

MST

( ).

E 

At this equilib-

moment is determined from
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MR () =

( )  :

1 Tr J exp 

HR 
T

Z

2 17

In applying this model to the Tm Fe

ompound,

ount; then Eq. (6) for the energy should be rewrittten

E

2

zation of the Fe sybsystem.
In order to deal with a minimal number of tting
parameters, we assume that only the
rameters are not equal to zero in the
We assume the parameters

I

b
B20

and





d
B20

L

òîì

 S + rk L2k + r? L2? ;

is the parameter of spinorbital

tting parameters:
ature dependen e

are obtained by minimizing the

= S2 rk os ;

If we negle t

hanges of

L?

S

by

( ), and it

MFe T

from the magneti
tural

h

Fe = B

2 17 .



= 2

L? 

sumed KFe =
3:1 MJ/m3 (or 58
al ulations as K1 in Y2 Fe17 [16, 17℄.
The



Expression (12)



an be taken

K/f.u.)

We asin our

Therefore, the MA

2 17

Tm Fe

al ulating the mean values of

MdTm using Eqs. (7) and (8).

As a result, we obtain the

Assuming that



al ulated temperature de-

2 17

Fe sublatti es in Tm Fe

d , the MA
B20

onstants of the

system originates from a large
moment when the

:

f

:

g

pletely quen hed orbital magneti
in Ref. [13℄. The magneti

moment

We

S

Fe of a Fe atom is

S and L, respe

tively). We assume that

magnitude does not depend on the site o

by the Fe atoms. The
ferent

moment, developed

ontributions arising from the spin and or-

bital moments (
the

f

and

:

L

value

upied

S Fe
B

(11)

sin2 :

 th

(12)

Fe sublatti e in

= 2S
Fe:
B

=
= fFe : gFe : : : : : Fe;

g

(13)

an

upied by the Fe atoms. We also assume that

f

nf KFe
where
and

nf

and

(14)

are the letters of Wy ko positions o -

the sum of the MA

hange in the orbital

apply the model of the MA of a system with an in om-

the sum of

where

rystal magnetization rotates from

the easy dire tion to the hard one [13, 18, 19℄.

i

KFe KFe : : : KFe

an be estimated. Presently,

it is believed that the large MA energy of the T sub-

L?

and

is the same for all Fe atoms, we

Tmb and Tmd sublatti e magnetizations, whi h have
and

Lk

write the proportion

to be tted to experimental ones.

b
B20

(10)

( = 0) =
= B S r2kr rr? :

Lk 

onstant of the


KFe

penden es of the orientations and magnitudes of the

In addition to

and

is

value that realizes the energy minimum at various

b
magnetizations MTm and

= S2 r? sin :


2

2

omputation task amounts to determining the

temperatures, and to

Lk

energy:

an then be rewritten as

= S
4rk

Fe
Ean

an be obtained from the neutron
measurement data on the isostru -

-axis and

k ?

is determined

ompounds, where R is nonmagneti .

is

with temperature over the

Hen e, there are only three

KFe

k

gives rise to the Fe-atom magnetization anisotropy:

to be the same for both

dira tion experiment. The value of

Fe
EAn

SRT region, then the dieren e between

pa-

The temper-

r

oupling,

? subs ripts denote the proje tion on the
Lk

ase of Tm Fe

b , and B d .
I , B20
20
of the I parameter

(9)

on the basal plane. The equilibrium values of

Tm sublatti es, be ause they have almost identi al Feneighbor surroundings.
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oe ient of the quen hing hardness, and   and

(8)

b
d
where ETm and ETm are the respe tive free energies of
the b and d Tm sublatti es and MFe is the magneti-

2

where
the

L?

b
d
= ETm
(; H) + ETm
(; H) +
+ KFe os2() (H  MFe);

=

Fe
Ean

(7)

we take the presen e of two Tm sublatti es into a as

ÆÝÒÔ,

ng

+ ng KFeg + : : : = KFe;

are the o

g -positions.

KFe

is

onstants of the Fe sublatti es:
(15)

upation numbers of the

f-

System of Eqs. (14) and (15) allows

estimating the MA
ti es if the value of

onstant of ea h of the Fe sublat-

KFe ,

the o

upation numbers, and

the magnetization anisotropy for the dierent Fe-atom
positions are known.

annot be equal for dif-

rystallographi positions be ause the quen hing

4. RESULTS AND ANALYSIS

degree of the orbital moment depends on the lo al environment [12℄. In a

The evolution of the neutron powder dira tion pat-

ordan e with Ref. [13℄, the MA

2 17

energy of the Fe atom in Tm Fe

an be expressed as

2 17

terns of Tm Fe
Fig. 1.
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Fig. 1.

d

300
200
100
0

olle ted in the paramagneti
the sample

2 3

Tm O

state, has shown that

impurity phase. The ree tions of this phase

2 17 -type

ordered model of the Th Ni
the

P

Æ

63=mm )

in Table 1.

stru ture (spa e

The obtained values

oordinate parameters are presented

The o

upation numbers are as follows:

= 0:78(1), 1(0), and 0.05(2) respe tively at the 2
2d, and 2 positions; for the Fe
atoms, n = 0:95(2), 0.22(1), 1(0), 0.64(2), 0.36(2), and
0
1(0) respe tively at the 4f , 4e, 6g , 12j , 12j , and 12k
for the Tm ions,

n
b,

sites. Hen e, the Tm ions mainly o

upy two

rystallo-

surate magneti

stru ture with

2

onsiderably

suggesting that the spin arrangement with
only as a short-range magneti

255288 K.

upy these positions.

additional

and

2

we use the notation Tm

and Fee for them. The rened

1 83 Fe17:34 .

omposition of the main phase is Tm :
The neutron patterns
tain magneti

peratures below

olle ted below 288 K

For

on-

did not nd any extra ree tions asso iated with the

2 = 7Æ159Æ.

Therefore, the wave ve tor is

At the same time, using a position-sensitive de-

te tor system, we found a broad maximum at

2  2:5Æ

urs

order in the temperature interval

= 0, we performed a symmetry analysis of

stru tures that are possible in a magnet with

2 17 -type

rystal stru ture. For examrepresentation

2b position is
2b : dM = 3 + 6 + 9 + 12 :

The irredu ible representations

order in the range of the s anned

o

order with k1 = 0 realizes at tem= 288 K and it oexists with the

a disordered Th Ni
for the

k2

order. In our sample, a

ple, the de omposition of the magneti

With an HRPD dira tometer, we

long-range magneti

k1

magneti

ontributions to the intensities of nu-

lear ree tions.

TC

short-range magneti

Besides, there are

4e positions for the Tm and Fe ions;

)(0; 0; 0:19).
This allows

Tmd , Fef , Feg , Fej , and Fek denote the Tm and Fe
ions that o

k2  (2=

larger than that of Bragg's ree tions.

long-range magneti

positions,

k1 = 0.

Æ

6

However, the width of the maximum is

2b and 2d, and the Fe atoms o upy
four sites, 4f , 6g , 12j , and 12k . As noted above, Tmb ,

angles

Æ

5

Fig. 2. Evolution of the magneti s attering with temperature in the small-angle part of the neutron dira tion patterns, measured at (a) 281 K, (b) 266 K,
( ) 257 K, and (d) 238 K

The dis-

proposed in Ref. [20℄ was used in

ourse of our renements.

of the latti e and

graphi

Æ

4

ontains a small amount (about 4 %) of the

partly overlap the ones of the main phase.
group

3

ording to Kovalyov [21℄.

i

(16)

are numbered a -

The basis fun tions of the

irredu ible representations entering the de omposition
of the magneti

representations were

wing Ref. [22℄. They

in the temperature interval 255288 K (Fig. 2). This

with the magneti

maximum may point to the existen e of an in ommen-

or
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al ulated follo-

orrespond to magneti

stru tures

moments oriented along the

onned to the basal plane.

-axis
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Table 1.
Results of renement for the nu lear and magneti stru tures of Tm1:83 Fe17:34 . Notation: a and are the
latti e onstants; x, y , and z are the oordinate parameters; bTm and dTm are the magnetizations of the thulium 2b and
N
2d sublatti es; fFe , gFe , jFe , and kFe are the magnetizations of the iron 4f , 6g , 12j , and 12k sublatti es; RBr
, RfN , and
RM ag are the dis repan y fa tors for the rystal and magneti stru tures

10 K

80 K

Å

8.4182(1)

8.4169(1)

8.4164(1)

8.4185(1)

8.4213(1)

8.4230(1)

, Å

8.3239(1)

8.3119(1)

8.3099(1)

8.3030(1)

8.2946(1)

8.2776(1)

0.112(2)

0.115(2)

0.112(2)

0.113(2)

0.116(2)

0.126(1)

0.1058(4)

0.1055(4)

0.1071(3)

0.1049(3)

0.1048(3)

0.1041(2)

0.3357(9)

0.3360(10)

0.3333(8)

0.3349(8)

0.3331(9)

0.3346(9)

0.3741(3)

0.3750(4)

0.3765(3)

0.3758(3)

0.3764(3)

0.3786(7)

0.3100(11)

0.3056(11)

0.3106(10)

0.3073(9)

0.3068(10)

0.3075(9)

0.3304(8)

0.3245(9)

0.3286(9)

0.3263(7)

0.3236(8)

0.3231(17)

0.1648(4)

0.1658(4)

0.1658(4)

0.1660(4)

0.1663(4)

0.1662(3)

0.9857(1)

0.9846(1)

0.9852(1)

0.9847(1)

0.9846(1)

0.9835(1)

7.4(1)

6.1(1)

4.5(1)

3.4(1)

2.0(1)

6.9(1)

5.0(1)

4.5(1)

3.4(1)

2.0(1)

2.17(6)

2.06(8)

2.25(7)

2.03(7)

1.76(13)

1.42(7)

1.34(8)

1.40(10)

1.49(12)

1.21(22)

2.16(6)

2.15(8)

2.01(6)

1.80(6)

1.61(11)

1.60(5)

1.52(7)

1.69(6)

1.72(7)

1.47(13)

6.7

7.5

5.3

6.2

6.1

6.2

6.7

7.5

5.3

6.2

6.1

6.2

7.6

10.0

11.4

12.3

12.9

a,

4
z (Fe,4f )
x(Fe,12j )
y (Fe,12j )
x(Fe,12j 0 )
y (Fe,12j 0 )
x(Fe,12k )
z (Fe,12k )
bTm (B )
z (Fe, e)

dTm , B
f
Fe , B
g
Fe , B
j
Fe , B
kFe , B
N , %
RBr
RfN , %
RMag ,

%

To rene the

rystallographi

100 K

and magneti

stru -

140 K

200 K

oriented along the

-axis.

At

ture parameters in the magneti ally ordered state, the

and Fe-moment arrangement

following

9

onstraints were set. The o

bers do not
The Tm

upations num-

hange with temperature at

T <

300 K.

and Tmd ions have the same magnitudes and

orientations of the magneti
ount that the

exhibite similar behavior at the SRT [12℄, we also imposed the

onstraints on the Fe-atom moments at the

4e, 12j , and 12j 0 positions.

As a result, only six (two

thulium and four iron) sublatti e magnetizations were
determined; we use the notation

j

Fe ,

and

kFe

f

g

bTm , dTm , Fe , Fe ,

for them.

The

bTm

lel to the

ases. Below 75 K, the magneti

an be des ribed by the

3

representation.

dTm magneti moments are antiparal gFe, jFe, and kFe moments and are

and

f
Fe ,

an be des ribed by the

representation. The obtained magneti

stru ture is

In the temperature range 75100 K, an easy axis
easy plane-type SRT o
Fig. 3, the SRT is a

urs.

As

an be seen from

ompanied by a noti eable

hange

in the intensity of some ree tions on the powder diagrams; for instan e, the intensity of the (100), (110),
and (304) peaks de reases. However, the (002) peak,
whi h is most appre iable for the study of the SRT,
ause it is lo ated

lose to the (110) peak. We therefore

performed measurements of the (002) peak on a single

various variants of mixing the basis fun tions, was obstru ture

the Tm-

is not distin tly apparent on the powder diagrams be-

al ulated intensities, resulting from

tained in the following

 100 K,

plane.

A good agreement (see Fig. 3 and Table 1) between
the observed and

T

also ferrimagneti , but all the moments lie in the basal

moments. Taking into a -

4e- and 12j -site average hyperne elds

300 K

rystal. The results are presented in the inset of Fig. 3.
The magneti
peak

ontribution to the intensity of the (002)

hanges from zero to a maximal value as the Tb-

and Fe-ion magneti
to the basi
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moments rotate from the

plane. This o

-axis

urs as the temperature in-
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2
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3
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T; K

0
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Æ
90
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T, K

Fig. 4. Temperature dependen e of the angle between
the axis and the Tmb - and Tmd -sublatti e magnetizations. The points are experimental data, the solid
line is the al ulation for the Tmb magnetization, and
the dashed line is the al ulation for Tmd magnetization

1

Æ
60

100

2
1

Æ
30

80

Æ
120

Æ
150

A

8:422

2

8:420

The observed (points), al ulated (solid lines),
and dieren e (bottom lines) neutron dira tion proles at (a) 105 K and (b) 75 K. Inset shows the temperature dependen e of the integrated intensity of the
(002) ree tion, measured on a single rystal
Fig. 3.

8:418
8:416
;

A

8:32
reases from 75 to 100 K. In this temperature range,
the magneti
perimental a

stru ture

an be

ura y, as a

8:30

onsidered, to within ex-

ollinear ferrimagneti

and it is des ribed as the sum of the

3

and

9

one,

8:28

repre-

sentations.

V;

Using s ans of the (002) peak and the powder dia-

A3

511

grams, we obtained the experimental temperature dependen e of the angle

Tm

magnetizations with the

510

formed by the Tm-sublatti e
-axis. We supposed that this

angle is the same for both Tm sublatti es. The dependen e is shown in Fig. 4. It
tinuously

hanges from 0 to

an be seen that

 /2 as the

TSR2

= 100 K.

509

on-

temperature in-

reases. We determined the temperatures
and

Tm

TSR1

= 75 K

0

We

an see that the

a

and

and unit- ell volume

parameter and the volume

a

300

K

Temperature dependen es of the latti e parameters a and and the unit- ell volume. The dashed
lines indi ate the beginning and end of the SRT

V.
V

Fig. 5.

de rease with in reasing the temperature up to 300 K.
The

200
T;

Figure 5 presents the temperature dependen es of
the latti e parameters

100

parameter evidently de reases with temperature
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b
Tm magb
netization experien es a jump
Tm . Assuming that
b
in the SRT region, the dependen e Tm T is similar to
b
that at T >
K, the value
Tm an be estimated
b
as : B . Hen e, the rotation of Tm from the -axis
in whi h the SRT o

6:0



100

12

4:5

urs. In this range, the



to the basal plane is a
hange of the

3:0

bTm

( )

ompanied by a relatively large

value. This points to the existen e of

bTm=bTm  20 %)

a large magnetization anisotropy (
in the Tmb sublatti e.

1:5

In

omparison with

( ), the

bTm T

urve

( ) is

dTm T

nearly monotoni . Nevertheless, there is some distin tion in the

0

dTm ; B

hara ter of the dependen e

dTm (T )

before

and after the SRT. This originates from the magnetization anisotropy in the Tmd sublatti e. Our estimation

6

results in the jump
o

dTm = (0:20:3)B .

upation numbers into

Taking the

onsideration, we obtain that

the anisotropy of the Tm-subsystem magnetization is
equal to

3

MTm  1:2B .

Figure 7 shows thermal variations of the Fe sublatti e magnetizations. They reveal more or less observable

hanges of the magnetizations of all the sublatti es

in the SRT region.

0

This is due to the magnetization

anisotropy of the Fe atoms. Our data allow

100

200

300

T; K

on luding

that the magnetization anisotropy in the Fef , Feg , and
Fek sublatti es has the sign opposite to the one in the
Fej sublatti e. This agrees with the results obtained in

Temperature dependen e of the magnetization
of the Tm sublatti es; solid and light ir les respe tively stand for the Tmb and Tmd sublatti es. The
solid lines are al ulations for I = 235 K/Tm-ion,
b
d
B20
= 1:2 K, and B20
= 0:3 K. The dotted lines are
b
d
= 0.
omputed for I = 235 K/Tm-ion and B20
= B20
The dashed lines indi ate the beginning and end of the
SRT
Fig. 6.

Ref. [12℄ from Mössbauer measurements. From Fig. 7,
we

an estimate the values of the Fe-sublatti e magne-

fFe  0:2B , gFe  0:1B ,
 0:1B , and kFe  0:1B . Our results on-

tization anisotropy as



j
Fe

rm the

on lusions made in Refs. [12, 25, 26℄ that the

Fe-atom magnetization anisotropy is most pronoun ed
for the

4f position. The temperature dependen e of the

average magnetization of the Fe-subsystem is also given
in Fig. 7. The
in the range 10100 K, and it monotoni ally in reases
up to 250 K. Our dependen es

( ), (T ), and V (T )

a T

1 83 Fe17:34

tostri tion exists in the Tm :
main
a

ompound. The

ontribution to the magnetostri tion is

hange of the

aused by

-parameter even if the magneti

mo-

ments lie within the basal plane. It is interesting that

is equal to

0:05B .

Using the above magnitudes of the magnetization
anisotropy in the Tm and Fe sublatti es, we obtain
that in the SRT region, the spontaneous magnetization anisotropy is equal to
surement data (about

bTm and dTm magnetizations. The values of bTm and
dTm are dierent below TSR1 and are the same above
TSR2 . The urve bTm T onsists of three well-distin-

( )

guished se tions: the magnetization
hange of

bTm

TSR1

2B /f.u.) [27℄.

mea-

-axis.

Figure 6 shows the temperature dependen es of the

weakly below

1:9B /f.u. This value agrees

quite well with that determined in our magneti

the magnetostri tion in reases in the basal plane as the
moments rotate to the

( ) exhibits a slight anomaly
av
al ulated value of Fe

av
Fe T

in the SRT region, if any. The

agree qualitatively with those obtained in Refs. [23, 24℄.
They show that an appre iable spontaneous magne-

urve

and above

hanges relatively

TSR2 ,

and the sharp

5. DISCUSSION

A

2 17

ording to Ref. [28℄, the Tm Fe

a simple spiral-type magneti
250280 K and a

ollinear ferrimagneti

250 K. We observed the

orresponds to the temperature range

+
(000)

uliar to a modulated magneti

958

ompound has

stru ture in the range
magneti

one below
satellite pe-

stru ture. The angu-
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µFe , µB

the presen e of

ompetitive (ferro- and antiferromag-

neti ) intera tions between the Fe atoms at the dierent

1

rystallographi

positions. A relation between the

ferro- and antiferromagneti

µkFe

variation of the

intera tions

hanges with

omposition, whi h results in either a

ommensurate or an in ommensurate magneti

0
2

ture.

1

be des ribed by the

In our sample, the long-range magneti

µjFe

3

or

9

lel or perpendi ular to the

2 17

(among the R Fe
magneti

1

3

the magneti

0

and

9

moments being paral-

2 17

-axis. A feature of Tm Fe

ompounds) is the existen e of the

and

9

representations. This means that

states (with spin

-axis and in the basal plane)

2

an

stru ture (in the SRT range) des ribed by the

sum of the

µgFe

order

irredu ible representations

with the orientations of magneti

0

stru -

ongurations along the
orresponding to the

representations have very

3

lose energy values in

the SRT interval. These states form a single ex hange
multiplet.

1
µfFe

It

an be split by anisotropi

0
2

is small and the magneti
sum of the

µav
Fe

3

and

9

0

100

200

1

2

and above TSR , and hen e the splitting

of the ex hange multiplet results in a dieren e of the

300
T, K

energies of spin arrangements along the
the plane.
To des ribe the

Temperature dependen es of the magnetization
of the Fek , Fej , Feg , and Fef sublatti es (kFe , jFe , gFe ,
and fFe ) and the Fe susbsytem (av
Fe ). The dashed lines
indi ate the beginning and end of the SRT
Fig. 7.

( )

half-width and the low intensity of the satellite allow
assuming that there is only a short-range modulated

with

order in our sample.

The long-range mag-

k1 = 0.

A distin tion in the magneti

sample and that investigated in Ref. [28℄
to their

2 17

ompositions. For the R Fe

dependen e of their magneti

stru ture

states of our
an be related
om-

2 17

position be omes evident in a study of the Ce Fe
ompound.

A

oexisten e of the short-range modu-

k = 0), ferromagneti

lated and long-range (

The experimental
urves

al ulated

orders was

urves are plotted for the parameter values

= 23:2 MJ/m3 (235 K/Tm-ion), B20b = 1:2 K, and
= 0:3 K. The value of I obtained by us is somewhat lower than the one (I = 270 K/Tm-ion) evaluated

I
d
B20

2 17 in Ref. [9℄.

from Mössbauer measurements on Tm Fe

b
d
At the same time, our B20 and B20 are noti eably difb
d
ferent from B20
: K and B20
: K determined

= 05

there. Our average value
with

B20

B20

=05
= 0:7 K roughly agrees

= 0:4 K found from the heat

surements in Ref. [32℄.

ompounds, the

properties on the

( )

d
and Tm T

by means of Eqs. (5)(8) are presented in Fig. 6.

However, a relatively large

order is realized as the ferrimagneti

( ) and dTm(T ) dependen es,

b
data and the Tm T

lar position of the satellite points to the wave ve tor

= (2= )(0; 0; 0:19).

-axis and in

bTm T

we use the equations in Se . 3.

These

magneti

stru ture is des ribed by the

representations appearing in a sin-

gle multiplet. The anisotropy is evidently rather strong
below TSR

0

neti

ompar-

ison with the ex hange energy; therefore, the splitting

1

k2

intera tions.

In the SRT interval, the MA energy is weak in

apa ity mea-

bTm (T ) and dTm (T ) depenb
the assumption that the B20

Figure 6 also shows the
den es

al ulated under

and

parameters are equal to zero. It

d
B20

seen (for

above the

an be easily

( )) that the experimental points spread
b
urve with B20 = 0 at T < TSR1 and below

bTm T

T > TSR2 .

found at low temperatures in [29℄. On the other hand,

this

a fan stru ture was dete ted in [30℄, whereas the exsis-

that the MA has a strong ee t on the temperature be-

ten e of an antiferromagneti

havior of the

phase is assumed in [31℄.

Obviously, a strong dependen e of the magneti

2 17

of the R Fe

sample on its

omposition is

state

aused by

urve at

bTm

This is eviden e of the fa t

magnetization. As mentioned above,

the MA tends to keep individual magneti
aligned along the

959

moments

-axis, whi h is the easy magnetiza-
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Intensity, arb. units

tion dire tion for Tm ions. On the other hand, it en-

80

han es angular deviations between the moments when

a

they lie in the basal plane (the hard magnetization dire tion for Tm ions). This results in the magnetization



bTm in the SRT region. In the ase of the
d
Tm magnetization, the dieren e between the experid
mental points and the urve al ulated for B
is
anisotropy

40

=0

20

0

in onsiderable. This points to a relatively low magnetization anisotropy of the Tmd ions.
The information on

b
B20

and

ing the values of the MA

d
B20

40

onstants for the Tmb and
b
d
Tmd sublatti es (KTm and KTm ) by means of the well-

20

known equitation [18℄

K1
NR

where

b
KTm

and

= 3NRB20J

is the R-ion

d
KTm

1 ;
2


J

on entration.

seen, they are positive and

b
KTm

0
(17)

40

The

are presented in Table 2.

onstants

As

20

an be

is larger than

d
KTm

by about a fa tor of four. Our data qualitatively differ from the result obtained in Ref. [9℄, a

0

ording to

b
d
whi h the onstants KTm and KTm have dierent signs
b
3
d
(KTm
: MJ/m and KTm
: MJ/m3 ). If

= 32

this were the

Tm subsystem should be equal to 1.1
value is smaller than

KTm > KFe

2 17

Tm Fe

KFe,

This

but the opposite inequality,

must be satised for the SRT to o

onstants and the magnetizations

of the Tm and Fe sublatti es, we

an evaluate the

anisotropy eld in our sample from the relation [18℄

HA
Ms
K1

where
ase,

= MFe

= 2K1=Ms;

is the spontaneous magneti

15

20

ur in

.

Knowing the MA

10

Fig. 8.
Inelasti neutron s attering spe tra of
Tm1:83 Fe17:34 (solid points) and Y2 Fe17 (light points)
at (a) 120 K, (b) 60 K, and ( ) 10 K

onstant of the

3
MJ/m .

5

E; meV

= 21

ase, the resulting MA

b

60

allows estimat-

(18)

Then the population of the low-energy levels must be
higher in the former
we

ase than in the latter. Therefore,

an suppose that the R-ion energy s heme should

hange under the SRT. To verify this assumption, we
performed inelasti

neutron s attering (INS) measure-

ments.
moment. In our

b + Kd
= KTm
KFe = 66:2 K/f.u., Ms =
Tm
MTm = 18:9B /f.u., and the 0 HA magni-

tude is then equal to 7 T. This value is rather

Figure 8 shows the low-energy part of the INS spe -

1 83 Fe17:34

trum for Tm :

at temperatures below (10 and

60 K) and above (120 K) the SRT region.

To deter-

lose to

mine the ba kground due to FeFe dispersive modes

6 T, determined in magnetization measurements in [33℄.

and phonon s attering, we also performed the INS ex-

On this ground, it

periment on Y Fe

KTm

ould be expe ted that our value of

would agree quite well with that obtained from

the magnetization
As

mentioned

urves (KTm
above,

the

= 6:7 MJ/m3 [34℄).
R-ion

magnetization

2 17 .

also shown in Fig. 8.

1 83 Fe17:34

trum of Tm :

2 17

The INS spe tra for Y Fe

are

It is seen that the INS spe obtained at 10 K

ontains four

peaks at about 4.2, 5.8, 9.0, and 12.1 meV. Their in-

anisotropy originates from the MA energy, whi h exerts

tensities

a strong inuen e on the population of the low-energy

and the line at 2.4 meV appears. As the temperature

levels of an R ion at nite temperatures.

in reases to 120 K (and magneti

magneti

When the

moments are oriented along the easy mag-

netization dire tion, the distan es between low-energy

the

hange slightly with temperature up to 60 K
moments rotate from

-axis to the basal plane), the INS spe trum evi-

dently

hanges. Only one sharp peak around 3.5 meV

an be seen in the spe trum. Hen e, the SRT results in

levels be ome larger than in a s heme ignoring the
MA. On the other hand, if the moments are oriented

a signi ant

along the hard magnetization dire tion, these distan es

noting that su h a strong

are shorter than those for zero magneti

was not previously observed in RT

anisotropy.

960

hange of the INS spe trum. It is worth
hange of the INS spe trum
ompounds under
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the SRT, although the INS measurements were

The magneti anisotropy onstants of the
Tm and Fe sublatti es in Tm1:83 Fe17:3 . Notation:
Tmb , Tm , and Tmd are the thulium 2b, 2 , and 2d
sublatti es; Tmtot is the Tm subsystem; Fee , Fef , Feg ,
Fej , and Fek are the iron 4e, 4f , 6g , 12j , and 12k sublatti es; Fetot is the Fe subsystem

Table 2.

arried

out on a series of RT systems (for example, the SRT

2 14 B [35℄).

in Nd Fe

A al ulation of the INS spe trum will be performed
in the future. Presently, we

an only make a rough es-

timate. The Tm-ion moments are oriented along their
own easy axis at 10 K and transitions from the ground
two peaks

K,

Sublatti e

state to the rst ex ited level are possible. Therefore,
aused by two Tm-site types should be ob-

3

K,

MJ/m ,

K/ion

Tmb

5.0

119

Tm

0.1

30

surroundings of the Tmb and Tmd ions due to Fe atoms

Tmd

1.6

30

in the

Tmtot

6.7

72

Fee

0.2

served in the INS spe trum. The presen e of two additional peaks

ould be explained by a dieren e in the

4e position. The ratio between the total intensity

of the rst pair of the peaks and that of the se ond pair

on lude that

Feg

1:9
1:4

the rst pair of peaks originates from the Tmb ions and

Fej

2.9

the se ond pair relates to the Tmd ones.

Fek

is 0.74 : 1.0. This is well in a

ord with 0.76 : 1.0, whi h

orresponds to the ratio of the o
the Tmb and Tmd ions. We

Fef

upation numbers for

an therefore

All the CEF parameters are impotant for the
ulation of the INS spe trum. The information on

al-

2:9
3:1

Fetot

B20

9

18
9
9

9
58 [17℄

allows only estimating an order of the energy of the
transition from the level

jJ i to the nearest one, jJ 1i.

The energy dieren e between these levels is

1)2℄

E = [ IRT (J 1) + 3B20(J
[ IRT J + 3B20J 2℄ = IRT 3(2J 1)B20:
The substitution of the values of
equation leads to the value
We now

(19)

b in this
IRT and B20
: meV. This rather

E = 6 8

onsider the MA of the Fe sublatti es in

1 83 Fe17:34 .

As shown in Se . 3, in order to esti-

mate the Fe sublatti e MA

onstants, we

an apply

the model of the MA of a system with an in ompletely
quen hed orbital magneti

moment [13℄. A

ording to

this model, the MA of the Fe atoms is proportional to

u-

rystallographi

positions.
In the framework of the MA model of a system
with an in ompletely quen hed orbital magneti
ment, we
orbital

mo-

an also estimate the parameter of the spin
oupling in Eq. (13).

The substitution of

= 18 K/Fe-at., fFe = 0:2B , and S = 1 in
Eq. (13) leads to  = 180 K. Our value of  is quite
lose to that (about 300 K) obtained for the 3d tranf

KFe

sition metals [18℄. This allows suggesting that the MA
model of the system with an in ompletely quen hed orbital magneti

moment gives, at least, a true order of

magnitude of the Fe sublatti e MA

the Fe-atom magnetization anisotropy.
Using Eqs. (14) and (15), the o

ombination of the experimental bulk anisotropy

pation of the Co and Fe atoms of the

well agrees with the energy of the rst pair of the peaks.
Tm :

of a

and neutron dira tion data on the preferential o

onstants.

upation num-

bers, the magnitudes of the Fe sublatti e magnetization
anisotropy obtained by us, and the value of

KFe

stants, whi h are given in Table 2.

A

6. SUMMARY

taken

from Ref. [16℄, we estimated the Fe sublatti e MA

on-

1 83 Fe17:34

The Tm :

ording to our

estimation, the in-plane anisotropy of the Fe subsystem

means

is due to the Fe atoms in the

pound

On the

4f , 6g, and 12k positions.

ontrary, the Fee and Fej sublatti es exhibit a

uniaxial anisotropy.

The largest MA ( al ulated per

Fe atom) is found in the Fef sublatti e.

Our result

of

neutron

k2

and

INS.

The

om-

2 17 -

k1

order

dira tion

rystallizes in a partially disordered Th Ni

type stru ture.
with

ompound was investigated by

= 0

oexists

The long-range ferrimagneti
exists
with

up

the

 (2= )(0; 0; 0:19))

to

TC

= 288

short-range

This

magneti

one

regarding the dierent MA types of the Fe sublatti es

(

agrees qualitatively with that obtained for the rhom-

255288 K. Upon in reasing the temperature, the

2

17

bohedral Y (Co,Fe)
the sublatti e MA

9

ÆÝÒÔ, âûï. 5 (11)

ompounds in Ref. [36℄, where

onstants were evaluated in terms

in the temperature range

pound undergoes the SRT from the
plane at

961

TSR1

order

K.

om-

-axis to the basal

= 75 K and TSR2 = 100 K.

A. N. Pirogov, S. G. Bogdanov, E. V. Rosenfeld et al.

ÆÝÒÔ,

The temperature dependen es of two Tm- and four

1 83 17:34

Fe sublatti e magnetizations in Tm :
been determined.

Fe

1.

R. Skomski and D. J. Sellmyer, J. Rare Earths
(2009).

2.

A. S. Ermolenko, E. V. Rosenfeld, Yu. N. Irkhin et al.,
Zh. Eksp. Teor. Fiz. 69, 1743 (1975).

3.

N. H. Luong, Physi a B

4.

M. T. Hut hings, Sol. St. Phys.

5.

N. Plugaru, J. Rubin, J. Bartolome et al., Phys. Rev.
B 65, 134419 (2002).

6.

M.-H. Yu and Z.-D. Zhang, J. Magn. Magn. Mater 232,
60 (2001).

7.

O. Tegus, E. Bru k, A. A. Menovsky et al., J. Alloys
Comp. 302, 21 (2000).

8.

O. Bardyn, B. Belan, R. Gladyshewskii et al., Chem.
Met. Alloys 3, 69 (2010).

9.

P. C. M. Gubbens, A. M. Kraan, J. J. Loef, and
K. H. J. Bus how, J. Magn. Magn. Mater. 67, 255
(1987).

10.

V. Yu. Irkhin and Yu. P. Irkhin, Phys. Rev. B 57, 2697
(1998).

11.

Yu. P. Irkhin and V. Yu. Irkhin, Phys. Sol. St.
(2001).

12.

F. Grandjean, O. Isnard, and G. J. Long, Phys. Rev.
B 65, 064429 (2002).

13.

E. V. Rosenfeld and A. V. Korolev, Zh. Eksp. Teor.
Fiz. 108, 862 (1995).

14.

J. Rodriguez-Carvajal, Physi a B

15.

E. R. Callen and H. B. Callen, J. Phys. Chem. Sol. 16,
310 (1960).

16.

B. Matthaei, J. J. M. Franse, S. Sinema, and R. J. Radwanski, J. de Phys. 49, C8-533 (1988).

17.

A. V. Andreev, D. Rafaja, J. Kamarad et al., Physi a
B 348, 141 (2004).

18.

K. H. J. Bus how, Handbook of Magneti Materials,
Vol. 10, ed. by K. H. J. Bus how, North Holland, Amsterdam (1997), p. 463.

19.

P. Larson and I. I. Mazin, J. Magn. Magn. Mater. 264,
7 (2003).

20.

O. Moze, R. Ca iuo, B. Gillon et al., Phys. Rev.
9293 (1994).

ten e of magnetization anisotropy in the temperature
urs. The largest magnetiza-

1:2B /Tm-ion) was observed in the
Tm sublatti e formed by the Tm ions at the 2b posi-

tion anisotropy (
tion.

The two-subsystem model of the MA was modied.
The magnitude and orientation of the Tm-subsystem
magnetization is

al ulated at a given temperature by

minimization of the anisotropy energy with a single
varying parameter, whi h is the angle between the

this model for the evaluation of the values of the TmFe

b

20

and

d
B20 for two Tm positions. The anisotropy onstant of
the Tm ions at the

2b position is by a fa tor of four
2d site. The MA energy of the

higher than that at the

Tmb sublatti e is only by a fa tor of ve lower than the
TmFe ex hange energy. This

auses the large magne-

tization anisotropy of the Tm ions at the
To estimate the MA

2b position.

onstants of the Fe sublatti es,

the model of the MA of a system with an in ompletely
quen hed orbital magneti

moment was applied.

It

was obtained within the model that the Fe sublatti e
MA

675

90 (2002).
16,

227 (1964).

onstants are proportional to the Fe-atom mag-

netization anisotropy determined in the SRT region.
The large in-plane anisotropy of the Fe subsystem is
aused by Fe atoms at the
while Fe atoms at the
ial anisotropy.

1 83 17:34

Tm :

319,

27,

-

axis and the Fe subsystem magnetization. We applied
ex hange parameter and the CEF parameters B

142, âûï. 5 (11), 2012

REFERENCES

have

All the dependen es point to exis-

range where the SRT o

òîì

Fe

We have

12j

4f , 6g, and 12k positions,

position favor the uniax-

We revealed that the INS spe tra of
hange noti eably under the SRT.

arried out single- rystal experiments us-

ing the E4 instrument at the Helmholtz Centre for
Materials and Energy, Berlin, the powder-dira tion
mesurements

by

means

of

the

HRPD

difra tome-

ter at the Neutron S ien e Division HANARO, and
inelasti

neutron

s attering

by

KDSOG

at

JINR.

The resear h was performed in a

ordan e with the

plan of RAS (No. 01.2.006 13394,

ode Impuls) and

with a partial support of the Ministery of Edu ation and S ien e of the Russian Federation (Contra t No. 16.518.11.7032), by Contra t 16.552.11.7020,
by proje t No. 12-P-2-1019 of the UD, RAS, and the
RFBR proje t No. 10-02-155. This paper was supported
in part by the MEST (Ministry of Edu ation and Te hnology) and KOFST (Korean Federation of S ien e and
Te hnology So ieties). Work at Seoul National University was supported by the National Resear h Foundation of Korea (Grants Nos. KRF-2008-220-C00012 and
R17-2008-033-01000-0).

962

192,

43,

274

55 (1993).

50,

ÆÝÒÔ,

21.

òîì

Ee ts of magneti anisotropy : : :

142, âûï. 5 (11), 2012

O. V. Kovalev, Representation of the Crystallographi Spa e Groups: Irredu ible Representations, Indu ed Representations and Corepresentations, ed. by
H. T. Stokes and D. M. Hat h, Gordon and Brea h
S i. Publ., Amsterdam (1993), p. 349.

22.

23.

Yu. A. Izyumov, R. P. Ozerov, and V. E. Naish, Neutron Dira tion of Magneti Materials, Consultant Bureau, Plenum Publ. Corp., New York (1991), p. 82.
A. V. Andreev, Handbook of Magneti Materials,
Vol. 8, ed. by K. H. J. Bus ow, North Holland, Amsterdam (1995), p. 59.

28.

D. Givord and R. Lemaire, in Pro eedings
Vol. III, Nauka, Mos ow (1974), p. 492.

29.

O. Prokhnenko, C. Ritter, Z. Arnold et al., J. Appl.
Phys. 92, 385 (2002).

30.

D. Givord and R. Lemaire, IEEE Trans. Magn. 10, 109
(1974).

31.

Y. Janssen, H. Fujii, T. Ekino et al., Phys. Rev. B
13716 (1997).

32.

C. Pique, R. Burriel, D. Fru han et al., IEEE Trans.
Magn. 30, 604 (1994).
X. C. Kou, F. R. de Boer, R. Grössinger et al., J. Magn.
Magn. Mater. 177181, 1002 (1998).

24.

Y. Hao, X. Zhang, B. Wang et al., J. Appl. Phys.
023915 (2010).

108,

33.

25.

M. T. Averbu h-Pou hot, R. Chevalier, J. Deportes et
al., J. Magn. Magn. Mater. 68, 190 (1987).

34.

26.

P. C. M. Gubbens, A. M. van der Kraan, T. H. Ja obs,
and K. H. J. Bus how, J. Magn. Magn. Mater. 80, 265
(1989).

27.

ICM-73,

56,

A. V. Andreev, A. V. Deryagin, S. M. Zadvorkin et al.,

Physi s of Magneti Materials, ed. by D. D. Nishin,

Kalinin University, Kalinin (1985), p. 26. (in Russian).

35.

36.

J. Park, Y. Jo, J.-G. Park et al., J. Magn. Magn. Mater.
158 (2001).

237,

963

H. Mayer, M. Steiner, N. Stusser et al., J. Magn. Magn.
Mater 97, 210 (1991).
T. P. Thuy and J. J. M. Fran e, J. Magn. Magn. Mater.
915 (1986).

5457,

9*

