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ABSTRACT

V.M. Khrustalyov. Specifics of the magnetic and magnetoelectric

properties of the crystals LiCoPO4 and LiNiPO4 in high pulse magnetic

field. – Manuscript.

Thesis for a candidates degree in physics and mathematics by spe iality

01.04.11 – magnetism. – B.I. Verkin Institute for Low Temperature Physics and

Engineering of the NAS of Ukraine, Kharkov, 2018.

The dissertation is devoted to the experimental revealing of new phase

transitions and changes of electric polarization induced by a strong magnetic

field in antiferromagnetic crystals of lithium orthophosphates LiCoPO4 and

LiNiPO4 with a noncentrosymmetric spontaneous spin structure and with the

competition of anisotropic and exchange interactions.

Lithium orthophosphates of cobalt and nickel are antiferromagnetic

magnetoelectric crystals belong to the olivine family (LiMPO4, M = Co, Ni, Mn,

Fe) with orthorhombic symmetry (space group is 16
2hD ). At the temperatures

below 21.8 K for LiCoPO4 and 20.8 K for LiNiPO4 these compounds undergoes

an antiferromagnetic transition. Antiferromagnetic ordering takes place with

preservation of the unit cell, which contains four formula units of LiMPO4, but

the spatial inversion operation is lost. Magnetic ions with ligands environment

make puckered planes which are perpendicular to the crystallographic axis a.

The planes are connected by PO4 tetrahedrons.

Layered arrangement of magnetic ions and hierarchy of exchange bonds

allows attribute these crystalline compounds to quasi-two-dimensional magnets

in which weak interactions can play the important role in formation of their

magnetic structure. Such exchange interactions can show itself in a strong

magnetic field, which compensate the main exchange bonds. These can lead to

the formation of non-collinear and modulated structures, and complex magnetic

behavior as well. In these compounds the coupling between magnetic and

electrical subsystems is usually quite strong, because of existing the spatial
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inversion center is fully determined by symmetry of magnetic ordering. The

change in their magnetic structure have substantially affect on electric

polarization behavior. The information concerning transformation of magnetic

structure and magnetoelectric properties of these compounds under high

magnetic field is important for understanding the mechanisms of formation

magnetoelectric interaction in these crystals.

In this work there are two experimental methods were used: an induction

method for magnetization measurements in pulsed magnetic field (for the study

of differential magnetic susceptibility and its field and temperature

dependences), and the electrometric measurements of electric potential induced

on  the  sample  surface  under  influence  of  a  magnetic  field  (for  study  of  the

magnetoelectric effect).

The behavior of the differential magnetic susceptibility of LiCoPO4 in  a

strong pulsed magnetic field applied along the antiferromagnetic vector L2y in

the temperature range 1.6 – 20.8 K has been studied. It has been found that the

transition from antiferromagnetic to saturated state in LiCoPO4 in magnetic field

(H||L2y||b) at T = 4.2 K occurs through three phase transitions. There are two

transitions of the first order in the fields H1 = 118 kOe, H2 = 224 kOe, and one

phase transition of the second order in the field H3 = 283 kOe has been found.

The change in magnetization at each phase transition was about 1/3 of the

saturated value, which has been found as 3.6 ± 0.5 B per magnetic Co2+ ion.

The  high-field  phase  in  the  range  (H2, H3) with almost linearly changes in

magnetization when increasing magnetic field has been found.

Possible magnetic structures formed in LiCoPO4 in high-field phases

(H > H1) are proposed within the framework of the simplified classical two-

dimensional collinear model. The type of the exchange interactions and its

energy values between nearest Co ions has been determined in the bc plane, and

along b and c axes. All interactions are found antiferromagnetic.

It was shown that the linear changes in magnetization in the field

interval (H2, H3) can be caused by a formation of a modulated, long-periodic,
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collinear structure with quasicontinuous changes in magnetization. It

is supposed that such structure can be formed due to a weak

antiferromagnetic exchange interaction between distant magnetic ions. The

effect of such interaction becomes appreciable in a strong magnetic field

which compensates the main antiferromagnetic coupling between the closest Co

ions.

The nonlinear behavior of magnetization LiCoPO4 before the second phase

transition at H2 has been considered. Such magnetization behavior can be caused

by fluctuation reorientations of separate magnetic moments under the influence

of temperature. The activation energy 0 has been calculated using the obtained

magnetization data.

The study of the electric polarization in LiCoPO4 induced by a magnetic

field showed that in addition to the linear magnetoelectric effect in the

antiferromagnetic phase, the reappearance of electric polarization is observed in

the high-field phase within the field strength interval 210-275 kOe, precedes of

the magnetic saturated state. On the assumption of behavior of electric

polarization in the high-field phase it is concluded that electric polarization is

inherent in this phase and is not induced by the magnetic field. The value of the

magnetoelectric susceptibility tensor component xy in the low-field

antiferromagnetic phase under pulsed magnetization has been estimated. The

possible magnetic structures and its symmetry have been proposed for each high-

field phase based on their magnetoelectric properties.

According to the results of differential magnetic susceptibility

measurements a phase (H,T)-diagram of magnetic states for LiCoPO4. An

additional line of the first order magnetic phase transitions with an endpoint has

been found. The position of the critical point which connects transition lines

between two high-field phases and the phase of magnetic saturation has been

determined.
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The differential magnetic susceptibility study of LiNiPO4 showed that at the

helium temperatures the applying pulsed magnetic field up to 275 kE, directed

along the antiferromagnetic vector (H||c),  leads  to  the  transformation  of

magnetic structure through five phase transitions at H1 = 125 kE, H2 = 164 kE,

H3 = 192 kE, H4 = 198 kE and H5 = 213 kE.

The study of induced by magnetic field electric polarization in LiNiPO4 has

been revealed that at orientation H||x||c, the electric polarization Px(Hz) is

observed both in the antiferromagnetic (below 130 kOe) and a high-field phase

within the field strength interval 200 – 215 kOe. It follows that the high-field

phase V is non-centrosymmetrical. Also the reasoned assumption has been made

that the electric polarization in the high-field phase V connected with linear

magnetoelectric effect. This follows from linear behavior of the dependence

Px(Hz), which extrapolation to zero field gives value of electric polarization close

to zero. Such a fact can denote to commensurate magnetic structure in the

phase V.

It was shown that in the antiferromagnetic phase the electric polarization in

addition to the linear component also contains the cubic one.

The cause of appearing the cubic component of electric polarization can be

induced by magnetic field changing of the value of antiferromagnetic vector L3x.

The component xz of the magnetoelectric susceptibility tensor in the

low-field antiferromagnetic phase under pulsed magnetization has been

estimated.

According to the experimental results of differential magnetic susceptibility

study a phase (H,T)-diagram of magnetic states for LiNiPO4 in a pulsed magnetic

field up to 285 kOe was constructed in the temperature range 1.6 – 20.8 K. The

temperature interval, with a convergence of the phase transition lines and as a

fact the possible existence of critical points within this region has been found.

The high complexity of the phase diagram indicates a significant competition of

interaction in antiferromagnetic LiNiPO4.
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,  ( ),  H||c.  PO4

 Px. (c)  (d) – 

: 

,

.

 LiCoPO4

LiNiPO4 , -d7  Ni-d8

.  Co2+

, 

 t2g  O-Co-O ( .1.14) [82].

 1.14

ni, 
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. 

. 

 LiNiPO4  d8 , 

".  LiNiPO4 .

.1.14. ) –  t2g  Co2+.   l,

m1, m2, s  Co-O. 

 Co1, 2 ni; (b) – 

 t2g  Co  ac, 

ni  LiCoPO4 ( ); (c) – 

LiNiPO4.  (n'i) 

 Ni [82].
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 = 35,48°  LiCoPO4  46,7°  LiNiPO4 ( . .1.14). 

,  (~ 1°) 

 Ni .

.1.15 

 Co2+  Ni+ ac ab. 

b  LiCoPO4 ( c

LiNiPO4) .

.1.14. Etotal (

) ESOC

) 

 ac – (b)  ab – (c).  Ni

 (d)  (e).  S1, S3  S2 S4 

,  – ( ) [82].

 [83] , 

 LiNiPO4

.
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 2

. 

, 

. 

, 

.

2.1  300 

, , 

, 

. .2.1.

 U = 220  QF1 

 T1,  5 . 

1 ,  20 

203  (

).

 16·10–3

160 41 -7/100 . 

 (

), , , , 

. 

, .

-6, 

. 
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,  (T2, Ci, S1), 

. 

.

.2.1.

.

-6, 

. 

,  (T2, Ci, S1), 

. 

.

L = 6.4 . 
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 16 

, 322/ LCTt . 

 720 

 1.1×2.4  (1.4×2.7 ) 

.

, 

-5. 

:  – 100 ,  – 80 , 

 ( ) – 26 . 

 ± 5 

H/H0  (2.1) 

 [84]

22
11

22
22

22
11

22
2221 lnln

xlRR

xlRR
xl

xlRR

xlRR
xl

clD
IxH , (2.1)

: D = R2 – R1, R1 R2 –  ( ), I –

 ( ), l –  ( ), 1 2 –

,  .  

 (H0 – Hx)/H0

 0,25 %.

. 

 15 . 

, .2.2.

 (R1) 

-12  68 .  (R2) 

-2  7.5 .
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.2.2.

.

 ~220 

 T1.  HL1

. 

,

 –  ( -16) . 

 100 

 0,1 . 

, 

. , 

,  W ~ 5 , 

. , ,

.

 R1 ( . .2.1.),

.

 [85]. 

: tkUtH , tU  – 

. k
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 MnF2 (92.4  4.2 K). 

 1

 [86]. 

 2 . , 

, 

, , 

. 

 2.1.

 2.1.

.

C 0.016

L 0.0064

Z0 0.65

T = 300 K

 = 77.4 K
R

0.77

0.1

t 0.032

U = 5  Q 80

U = 5  E 200

U = 3.2  I 4,5

U = 3.2  H 300

67
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2.2 

[87,88]. 

, . 

, . 

, ,  – 

.2.3). ., 

, .  –

, , 

, . 

:

dt
tdM

dt
td

dt
td

dt
td

dt
tdttt

samplesample

HsampleH
compreg

~
(2.2)

 2.2.

 2.2.

.

 (L2)  (L1)

 ( ) 0.032 0.032

455 257
4 2

 ( ) 151 180
 ( ) 32 22

 ( ) 500 550
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.2.3.

 R1-R3.

. 

, 

, 

. 

.

.2.3.

. .

,  10–4.

.2.4.
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.2.4.

.

 Nicolet 4094. 

 RS-232.

.

, 

) :

dH
dM

dt
tdH

dt
tdM samplesample ~~ . (2.3)
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: 

., 

, :

dt
tdB

c
nS

dt
td

c
t )(11

, (2.4)

: n – , 82
2

2
1 ddS  – 

 [ 2], d1 d2 – 

 [ ],  –  [ ].

dt
tdM

dt
tdH

dt
tdB samp4 , (2.5)

., , ,

dt
tdM

dt
tdB samp4 . (2.6)

, 

(2.6) 

dt
tdM

dt
tdB samp4 . (2.7)
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 (2.7)  (2.4) 

N
dt

tdM
c

Snt samp 114 (2.8)

 (2.8) Msample , 

 emu

NSn
dttc

tM sample 14 . (2.9)

,

 (2.9) 3.

, 

.regsample VV .

 [89,90]

0
2222

12 dS
ScSbSaSi

abcN i , (2.10)

. 

(2.2.9) a, b, c , i = a, b, c –

 N.

 FeCO3

,  760  [91-93] ( .

.2.5).



57

.2.5.  M(H)  FeCO3

. ( ) – , ( ) – 

 [93].

2.3 

, 

. 

, 

 (100) ( ) ,

.

,  CA3140EZ.

 Reff

, Ceff – 

, . 

P(H) 

impeffeff tCR , timp – 

 (3 10 – 2 ). 
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 420 . 

 (Nicolet 4094). 

 [ 2], 

), :

S
UC

P eff
, (2.11)

Ceff – 

, U – , ,

S – , 2.

.2.6.

.2.6.

: 1 – , 2 –  (Ag- ), 3 –

, 4 – , 5 – 

 Nicolet 4094.
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 Cr2O3

 4.2 K. 

 [94,95]. ,

,  10%. 

T > TN  4.2 K 

 1.2 . 

.

2.4 

. 

, : 1.6 – 4.2 K ( ) 

14 – 20.4 K ( ). , , 

. 

. 

.  4.2 – 14 K

. 

20.4 – 20.8 K .

2.5 
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.

            

. 

, 

. ,

, 

 ±4° .

, 

.

 ( .2.7.) 

. 

 ( ). 

, 

.2.7. .
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,  ± 360° 

 ± 0.5°. 

, 

 1.5° 

. 

 2.3.

 2.3.

.

, 

, m 0,5

, q 8

, U 16

, Z1 1

, a 6

, da1 5

, d1 4

, df1 2,8

, b1  5,98

, 7,125°

, Z2 16

, da2 9

, d2 8

, df2 6,8

, dae2  10

, b2  3,75
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, .

 ( , )

. 

.

2.6 

 LiCoPO4  LiNiPO4

, . 

.

 (LiCl). 

 LiMPO4 (M = Mn, Fe, Co, Ni) [96]:

M(OH)2 + NH4H2PO4 + Li3PO4  LiMPO4 + NH3 + H2O, (I)

M3(PO4)2 + Li3PO4  3LiMPO4, (II)

MCl2 + Li3PO4  LiMPO4 + 2LiCl. (III)

.  (II) 

 LiMnPO4

 LiCl,  [97]. 

[57,77] 

 LiMPO4 (M = Mn, Fe, Co, Ni).

 LiCoPO4  LiNiPO4, ,

 (III). 
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LiNiPO4 (LiCoPO4)  LiCl  1:3. 

 LiCl 

 30 . 

50 . , 

 [96]. 

, 

 (100), (210), (011)  (101) [53]. 

 ±2°, .

LiCoPO4  LiNiPO4. 

LiCoPO4 .  1 2, 

 59.6  32 , 

. 

2 ( .2.8 ( )), 3.

) )

.2.8.  LiCoPO4 ( ) 

LiNiPO4 ( ), .

3  15 

, a, b,

c  1,33×2,40×2,25 .
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 LiNiPO4 . , 

22.17  ( 1)  12  ( 2, .2.8( )) 

, 

.
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.

1. 

 300 .

2. 

.

3. 

, 

.

4. 

, 

.

5. 

, .
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 3

 LiCoPO4

 LiCoPO4

. 

, 

. 

. 

xy

 4,2 K.

3.1 

LiCoPO4

 300 , 

 (H||L2||b). 

 LiCoPO4. 

 –  120  280 . .3.1 

HM dd  = 4.2 K.

 – 1211
incrH

2262
incrH 2763

incrH  (

). 

 ( ) 

, . 
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 ( )  8 .  dM/dH

 I , 

1 2. 

, 

. .3.3).

.3.1.  LiCoPO4 H||b. 

 – ( )  My(Hy) – ( ). 

 T = 4.2 K.
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, 

H2

. 

2763
incrH  (4.2 K) ( . .3.1( )), 

,  II .

,  4.2 K, 

.3.1( ). 

, 1 2, 

 ( 2, 3), 3. 

2.  LiCoPO4

H > 276  478 ,  3.6 B

. 

10%.

 LiCoPO4

.  LiCoPO4

, 

 Co2+.

, 

 [98,99], , 

 Co2+  LiCoPO4

150  –1. , 

 (  60  –1), , , 

 LiCoPO4 [59].

, , 
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 Co2+

.

3.1.1  LiCoPO4

1 .

, 

 4.2 K  1.7 K ( .3.2(a)). 

M1  142 . 

, 

. H1

 4 , 5101MN , 

 I .

, .

,  ( .3.2( )).

.3.2.  dM/dH 

– ( )  – ( ) 

 ( ).
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M2 = 160 , H2 ~ 2 

5702MN . 

 II  III.

dM/dH ,

, 

. , 

. .3.3 H
dH
dM

, 

.

.3.3. , 

 ( 1), 

 ( ).  N· M1

, 

.
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: ) – 

, ) – 

. , 

. , 

, 

. 

. 

 I . 

MN

, 

.

3.1.2 2- 3

M(H)

.3.1.( )) 

(H2,H3). 

, 

. , 

 FeCO3

[91,92,100,101]. 

, 

. 

 [102-105]. 

, 

.
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. , 

III  ( . .3.4) , 

,  III , 

mH

 (III  IV). , 

, 

HHH m . 232
1 HHH  – 

,  Co2+ .

.3.4.

 T = 0 K. 

 M(H). 

0IM , SII 3/1 MM , SIII
3/2/ MM

SIV MM .
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, 

, : HHH m . 

H H H2 H3, . 

 = 0 K, ,

.3.4, 

, 

( 0nnn
exchE ),  – M(H).  

mH  " "

, : )(
2
1

232 HHHH m . 

151085.0nnn
exchE  (  “–” 

). , 

.

3.1.3 .

,  LiCoPO4

[51,59,61]. , 

 Co2+,  (bc).

 Co-O-Co. 

Co-O-P-O-Co, . 

 [65,66] 

Tmax = 25 K, TN = 21.6 K. 

 [106].
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 3d-  [59]. 

 [51,59,99] , , 

, 

.

» 

 [45,107,108]. , 

.

M(H) ( . .3.1.( ))

, 

 1/3  (MS). 

1 , 

Co2+, M1  1.1 B.   (H1, 2)

M2  1.3 B.  ,  ,  

 (H2,H3) M3  1.2 B.

, 

, 1 2, 

SII 3/1 MM SIII 3/2 MM . , III

2.   I  IV –

 ( I = 0) 

 ( IV = MS) ,  ( .3.5). ,

 ( )  II 

c||z. b||y. 

 2J2S2

2J3S2 .
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 Co2+ . 

, , 

b c, , J1, J2 J3 ( . .3.5( )).

, 

T = 0 K, :

n

i
izZ

n

i

z

l
lz

z

k
kz

z

j
jziz HSJSJSJSE

11 1
3

1
2

1
1

321

222
2
1

. (3.1)

Sz = ± S b||Z. 

 (i), 

 (j), b (k) c (l).

 = 1, 2, 3, 4  I, II, III  IV 0IM ,

SMM
2
1

II , SMM
3
2

III SMM IV , E1, 2, 3

4. 

),,,(),,,( 3211321
tr
j

tr
j HJJJEHJJJE , 

tr
jH . J1, J2 J3

),,( 321 JJJfH j
tr
j , tr

jH – 

H1 H2. 

mH

III IV  ( .3.5), 

)(
2
1

232 HHHH m . 

, 

J1, J2 J3.  
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b c , 

J2 J3. 

.3.5.

.3.5. ,  LiCoPO4

H||b: (a) – H < H1,  ( )   ( )  –

 (H1, H2)  (H2, H3), , ( ) –

 (H > H3).  J1 – ,

J2,  J3 –  b  c. 

 b. 

.

.3.5 .

, 

 [109]. 

 (n = 12). 

.

                ,  
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.3.5, :

)(12 332211
2

1 zJzJzJSE ,

HzJzJzJSE 4)3(4 332211
2

2 , (3.2)

HzJzJzJSE 8)(4 332211
2

3 ,

HzJzJzJSE 12)(12 332211
2

4 ,

z1 = 4 – , z2 = 2, z3 = 2 – 

b c; µ –  Co2+.

.3.6.

.3.6.  I – IV 

 ( .  (3.2)).  (Ei = Ei+1) 

.
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21, HH *
3H 21 EE , 32 EE ,

43 EE :

)2(2 33112
1

zJzJSH ,

)(2 3322112
2

zJzJzJSH , (3.3)

)(2 3322112*
3

zJzJzJSH

 (3) 

:

1
2

*
321

1
)(

6
1

zS
HHHJ ,

2
2

2
*
3

2
)(

4
1

zS
HHJ , (3.4)

3
2

12
*
3

3
)2(

12
1

zS
HHHJ .

H1 = 118 , H2 = 224 2
23

2
*
3

HHHH = 253.5  (H3 = 283 ), 

: 2J1S2 = – 1.656 10–15

(12 K), b:  2J2S2 = – 0.25·10–15  (1.8 K) 

c: 2J3S2 = – 0.67·10–15  (4.9  K).  

.

 3.1 

LiCoPO4, , .
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 Co2+ S = 3/2. 

 Co2+.

 3.1.  LiCoPO4. 

, .

J1 (Jbc) J2 (Jb) J3 (Jc)
10–15 K 10–15 K 10–15 K

–1.241

–1.19

–1.235

–0.736

–0.737

9.16

8.6

8.94

5.2

5.34

–0.168

–0.206

–0.11

–0.368

1.2

1.49

0.8

2.67

–0.311

–0.333

–0.296

2.3

2.41

2.14

[59]

[110]

[111]

[112]

3.1.4 

 LiCoPO4 , 

2 , 

,  ( .

.3.1.( )). 

 Co2+. 

, , 

 III 2H  ( HHH 22 , 0H ). 

. 

, , , 

. , 

H2,  0.55 MS, 

Sperper MMM 53.0)1( III , SMM 3/1I , SMM 3/2II ,
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59.0per  – .

, 

, 

:

kTH

kTH
zz

zzz

zzz

e

e
nHM z /))((

/))((

0

0

1
)( , (3.5)

0 – , 

,  II ( .6( ))

)(4 332211
2

220 zJzJzJSEE a , 2E aE2  – 

 II 

,  ( . .3.8); z  –

, z  – 

. ,  II 

8 ,  ( 8n ),   4

 ( 4n ) (  12-

). 

, , )

,  (H1, H2) 

:

)
1

48(
12
1)( /)2(

/)2(

0

0

kTH

kTH

VV
e

eHHM . (3.6)

.3.7 

, ,  (3.6) 

:  = 3.36 B – 
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 Co2+,  0 = 105 K – 

, T = 4.4 K – VV = 0.0013 B  – ,

.

.3.7.  LiCoPO4

 ( ). 

 4.2 K.  (3.6), 

: 0 = 113 K,  = 5,2 K.  – 

0 = 113 K,  = 4,2 K.

, 

. 

H1 H2 , 

,  T = 4.4 K 



82

 4.2 K . ,

 (3.36 B),

 (3.6 B), 

H > H3.  II ( .6( ))

)(4 332211
2

220 zJzJzJSEE a , 2E aE2  – 

 II 

,  ( . .3.9). 

 108 K,  105 K 

. 

, 

.

2E aE2

.3.8.  II  – ( ), 

 – ( ), , 

 – ( ). 

, .
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3.2  LiCoPO4

, , 

. 

. 

 LiCoPO4

.

, , 

, . 

.  ( .

.3.9) Px

H||b||y. 

My(Hy), 

. , 

, 

. Px(Hy) 

: 

1 = 123 ),  (

2 = 210 ) 

 ( 3 = 263 ) ( .3.9).

3.2.1 

H2. 

, 
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 (H < H1). ,

. Px  5%

.3.9.  Px(Hy) – ( ), 

 My(Hy) – ( )  LiCoPO4

H||b.  4.2 K. 

 1.2 H||b.

H1. 
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. ( 3).  (

) 

. 2H

, , ,

, ,  1-

2.

3.2.2 

 3.9 

. 

 0.9H1.

, 
up
1H . 

down
1H

. 

. 

, , 

. 

, 

 ( .3.10). 

Px(Hy) 1

 ( . .3.20).  14 K 

, , Px(Hy)  4.2 K, 

. , 

.
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.3.10.  Px(Hy) LiCoPO4

. 

4.2 K.  TN

.

 (  0.1 ) 

, 

. -

. ,

. 

, 

, 
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. , 

. 

 ( ) 

 CoF2

, 
+

[113]. 

, , 

. ,

Px(Hy), 

H1, , 

.

,  ( .3.9 .3.10). 

. 

, 

, 

. ,

.

xy

T = 4.2 K. ,

H < H1 / 2 

, xy(4.2K) = (17.0 ± 1.5) 

(5.1 10–3 ). , 

1, 

Px(Hy), xy(4.2K) = (17.2 ± 1.5) 
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(5.1 10–3 ). 

:

xy(4.2K) = 18.4  (5.5 10–3 ) –  10  [53] 

xy(5K) = 17.7  (5.3 10–3 ) –  100  [63].

3.2.3 

, 

, 

, 

.  3.1.3 

, , 

.

, 

, ,

,

, .

, 

,  [59], 

.3.11 – .3.13. 

)( 445
62ShaPnm [54,57] 

:
3

/

2132

/

1

/
/ 2,

2
,2,2,

2
,2,1,1 zyxzyx . 

3212
1

1 ttt , 22
1

2 t , 312
1

3 tt

 Li+. bc

.3.11.  [46,114,115] 

 Co2+ .
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 II, H1 < H < H2,

 1/3 MS. , 

1

.3.11. (  = 0)

LiCoPO4  bc. 

. 

 Co2+. 

, . 

, .

. 

.3.12, 

 – Pn ma :
3

/

21

/

3

/

21

/ 2,
2

,2,2,
2

,2,1,1 zyxzyx ,

3212
1

1 3ttt , ,22
1

2 t 312
1

3 3tt . , 

, , , 

. 
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2 = 210 , 3,  

.

.3.12.  LiCoPO4

H1<H<H2. , 

 H = 0.

2 – 3 ,
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-

. 

, 
up
2H . , 

2  2/3MS. 

. .3.13(a) 

, 2.

.3.13.  LiCoPO4, 

 H2 – ( ),  LiCoPO4

 – ( ).

:
1

/2,1 x ,

12
1

1 t , P21 . 

a. , 

H > H2 , 

 III  « » . 
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.  (

3)  ( .3.13( )), ,

, . 

 (Pn ma ) 

:
3

/

21

/

3

/

21

/ 2,
2

,2,2,
2

,2,1,1 zyxzyx , 3212
1

1 ttt , ,22
1

2 t

312
1

3 tt . , 

. 

.

3.3  H-T  LiCoPO4

3.3.1 

 LiCoPO4

Co2+ ( . .3.1( )). 

, 

. ), 

, 

. 

dM(H)/dH, 

.
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H1 H2 .3.14 .3.15

Ti  1.6  20.8 K.  1.6 K – 4.2 K

H1

. 

 – 

.

. 3.14.

 (H1) (

)  1.6 – 20.8 K.

.

i = 8.5 K  II 

H*  140  – 
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 ( .3.14), 

.  ( i > 12 K) H1

H* . H1

,  (H*) – .  17 K 

, 

. .3.15 ,

T > 18 K.

. 3.15.

 ( )  T > 18 K 

 (  dM/dH(H) 

).

 II  8.5 K 

. , ,
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Tcr1,i  8.5 K 

Hcr1  140 . H*(T) 

H1(T) Tcr2,i  16.5 K ( . .3.14 

. 3.21). , H*(T), 

, , , 

. 

, 

. 

 dM(H)/dH  (

.3.15)  20.8 K. 

H2 .3.16.

. 3.16.

 Li PO4  (H2) (

).
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H2. T  12.4 K )(H
dH
dM

, 

 ( .3.16). 

.3.17( )  ( ),  

. 

. 

 I 

dM(H)/dH. 

 ( ) )(TS

.3.18.

. 3.17.  Li PO4

 Ti  14 K. ,

 II .
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. 3.18.

 H2 : ( ) – 

dH
dH
dMSM 2 , ( ) – 

. , 

 dM/dH,    4,2 K.

S(T) 

. ,  III  IV

 (Ti,cr3 = 12.6 K, Hcr3 = 225 ). 

, 

 IV, 

 (H2(T)) 

 (H3(T)),  III.

, Ti  12.6 K 

,  II .

, Ti > 12.4 K  III

H > H1
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Ti > 14 K ( . .3.20( )).

 LiCoPO4  III 

H3 ~ 282  ( T = 1.7 K ) 

dM(H)/dH

.3.19),  II . 

. T = 4.2 K 

H3 = 276 . 

, 

.

. 3.19.
dH

HdM )(

.

3.3.2 

H||b

 LiCoPO4 a .3.20. 
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Ti >  14  K  H1

 ( .3.20( )). 

, , . 

, , 

dM(H)/dH .

.3.20.  Li PO4

 14 – 20.4K  – ( ); 

xy

,  [53] – ( ).
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,  ( .3.20( )), 

, 

. 

 40 - 50 . 

. 

H1.

3.3.3 

LiCoPO4  – 

.3.21).

, 

. , 

 1- H1 H2, 

. ,  4 . 

, 

 [62,63]. 

 H1,  ( . 3.21), 

,  (

.3.21), , ,

1,  5 – 6 K

 20 K. , Tcr4

 13 K, 

Tcr2 –  11 K. ,  II 
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, 

Tcr3  6 – 7 K.

 [112], 

 LiCoPO4

 260 , .

. 3.22.

.3.21.  (H,Ti)-

 Li PO4.  i – . 

.

, 

, 

 LiCoPO4,  

.  [82], 
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 LiCoPO4  Co2+ b, 

. 

b , 

H1,  II, 

1/3 MS,  2/3 MS H2. II 

 1/3 MS , 

, ,  [112], 

. 

 1-

.

.3.22. (H,T)-  Li PO4, 

 [112]. 

 [63].
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.

  –  I  II

.

2. , 

. 

, ,

, , 

.

3.

,  :  2J1S2/k = – 12 K, 2J2S2/k = – 1.8 K,

2J3S2/k = – 4.9 K.

4.

.

5. , 

, 

, .

6. , 

 , 
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 LiNiPO4

LiNiPO4  280 . 

 LiNiPO4, 

. 

, , , 

 (  120 ), 

 200 – 215 . 

xy  4.2 K.

4.1  LiNiPO4

 LiNiPO4  250 , 

 (H||L2|| ).

zz HM dd

.4.1( ). 

H1 = 126 , H2 = 165 ,

H3 = 192 , H4 = 198 H5 = 213 , 

. 

, 
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. 

Mz(Hz) .4.1( ).

.4.1.  LiNiPO4 H||c. 

 – ( )  Mz(Hz) – ( ). 

 T = 4.2 K.

. 

 LiNiPO4, 
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 173 , H1 H2

[76]. ,  130 ,

, 

", mm'm

L2z = S1z – S2z – S3z + S4z L3x = S1x + S2x – S3x –

S4x, k||b.

 168  II 

 III, ,

 [76]  (lock-in

transition) 

b||x. 

, 

, c-

.

4.2  LiNiPO4

H||x||a,

P||z||c. ,

H||z||c||L2z.

,  [74,78],

. .4.3 

 Px(Hz) Mz(Hz).

 (130 ). 

.  II, 

 130 

, .4.2( ).

               II  
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, L2z L3x [76].

.4.3.  – (a), )

 LiNiPO4 H||c.

 T = 4.2 K.

, .

 I II 
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. , 

 LiCoPO4.  LiNiPO4

,  0.5 , 

 II. 

. , 

.

, .4.2( )). 

, Px(Hz)  

 (0 < H < H1) 

 – :

3)( zzzx HHHP , (4.1)

 – .

.4.4( ), 

z

zx

H
HP )( 2

. .4.4( ) 

, 
z

zx

H
HP )(

. , 

.

c.

 LiNiPO4 L3x, 
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L2z (

L2zL3x). H||c||z L3x

Hz
2.

.4.4. ) –  LiNiPO4

2, z
z

x H
H
P

,  T = 4,2 K.

.

, 

, 

. 

)( zx HP ; ( ) – 

z
z

x H
H
P

, . 

.

, 

L2z L3x H||c||z, xP
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zx
L
xxzzz

L
xzzx HLHLP 3

)(
2

)( 32 , (4.2)

)( 2L
xzz

)( 3L
xxz  –  3- , zL2 xL3

2
022 zzz aHLL , (4.3)

2
033 zxx bHLL ,

a b > 0. , 

L3x, 

, L3x

, L2z.

, , 

xz

, 

 5  [74]. xz = 0.4  [74] 

. , 

, 

, .

, 

 LiNiPO4 . ,

, 

.

H2 H3 (  III 

IV )  – 

. 

.

 V (198 – 215 ) 

 VI. 
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H4 H5. 

(H4,H5) . 

, 

. , 

.

,  V 

. , 

.  LiNiPO4

 LiCoPO4.  

LiCoPO4 , , ,

.

4.3  H-T  LiNiPO4

4.3.1  LiNiPO4

 LiNiPO4

 250  1,6 

20,8 . 

. 

.4.4 

Ti  1,6  4,2 K. 

, 

.
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.4.4.

 LiNiPO4  (

) 

 1,6 – 4,2 K. .

H5
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H3, H4 H5

, T > 14  ( .4.5)

, 

H1, H2 H5.

.4.5.

 LiNiPO4 1,  2 – ( ),

5 – ( ) ( ) 

 14 – 20,8 K.
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 LiNiPO4

 –  ( .4.6). 

.

.4.6. (H,Ti)-  LiNiPO4, 

. i – 

. 

. , 

.

i = 17,7 K  VI 

H  200 
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 ( .4.5( )). 

HVI(T) , T > 18,8 

. 2 5

, 2

T > 18,8 . 

Tcr1 Tcr2  13  18 .

 [76] 

,  II ,  III , 

.

[116].  V , 

. 

 LiNiPO4.
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 250 , 

H||L2z||c, 

H1 = 126 , H2 = 165 , H3 = 192 ,

H4 = 198 H5 = 213 .

2. , 

198 – 213 , 

.

3. , 

, 

. 

.

4.  (H,T)- , 

, 
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:

1. , 

 LiCoPO4

,

, 

: H1 = 118 ,

H2 = 224 H3 = 283 .

 (H2 - H3) 

.

2. ,  LiCoPO4

, 

0.

3. H||L2y

 LiCoPO4

(H < 123 ) 

,  210-275 , 

. 

 ( H = 25 ) 

, : xy(4.2K) = (17.1 ± 0,7) .

4. , 

 LiCoPO4 , 

.  Co2+

 (bc) b c. 

, ,
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: 2J1S2 = – 1.656 10–15 , 2J2S2 = – 0.25·10–15

2J3S2 = – 0.67·10–15 .

5.

LiNiPO4  = 4,2 , 

 280 

H||L2z||c, 

H1 = 125 , H2 = 164 , H3 = 192 ,

H4 = 198 H5 = 213 .

6. Px(Hz)   LiNiPO4

 (  130 ), , 

 200  215 . , 

.

xz  ( H = 25 ), 

xz(4.2K) = (0.045 ± 0,001) .

7.

 1.6 – 20.8 K  ( , i)-

 LiCoPO4  LiNiPO4

 285 .  LiCoPO4

. 

, 

. 

LiNiPO4 , 
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