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•• anisotropic magnetoresistance anisotropic magnetoresistance 

•• anisotropic magnetothermopoweranisotropic magnetothermopower

•• UU33XX4 4 series series –– structure, magnetic properties and Fermi surfaces structure, magnetic properties and Fermi surfaces 

•• anisotropic magnetoresistance Uanisotropic magnetoresistance U33PP4 4 i Ui U33AsAs4 4 

•• anisotropic magnetothermopower Uanisotropic magnetothermopower U33PP4 4 i Ui U33AsAs44

•• twotwo--current model of anisotropic magnetoresistancecurrent model of anisotropic magnetoresistance

•• anisotropy induced by distortion (magnetostriction) anisotropy induced by distortion (magnetostriction) 

•• summary and perspectivessummary and perspectives
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anisotropic anisotropic mmagnetoresistance agnetoresistance -- AMRAMR

3

discovered 150 years ago by William Thomson (Lord Kelvin)discovered 150 years ago by William Thomson (Lord Kelvin)

W. Thomson, W. Thomson, On the ElectroOn the Electro--dynamic Qualities of Metals.dynamic Qualities of Metals.
ProcProc.. RRoyaloyal SocSoc.. London London 88, 546, 546--550 (1857)550 (1857)

several percent change in resistivity of iron and nickel several percent change in resistivity of iron and nickel 
depending on the direction of magnetic field depending on the direction of magnetic field 
(applied along or transversely to electric current).(applied along or transversely to electric current).

In a review paper L.W. McKeehan In a review paper L.W. McKeehan (Phys. Rev. (Phys. Rev. 3636 948 (1930))948 (1930)) mentioned mentioned 
128 researchers studying the influence of magnetic field on128 researchers studying the influence of magnetic field on electrical electrical 
resistance of metals. resistance of metals. 

In sixties in alloys of Ni and Fe (permalloys), cooled down to lIn sixties in alloys of Ni and Fe (permalloys), cooled down to liquidiquid--
nitrogen temperature, nitrogen temperature, AMRAMR up to 20% was observed.up to 20% was observed.

Campbell, I. A., Fert, A. & Jaoul, Campbell, I. A., Fert, A. & Jaoul, J. Phys. C J. Phys. C 33 S95 (1970)S95 (1970)

AMRAMR== ((RR|||| ���� RR^̂ )) // R R ̂̂
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anisotropic anisotropic mmagnetoresistance agnetoresistance -- AMRAMR

4

T. R. McGuire and R. I. Potter,  T. R. McGuire and R. I. Potter,  Anisotropic Magnetoresistance 
in Ferromagnetic 3d AlloysIEEEIEEE Trans. Magn.Trans. Magn.1111, 1018 (1975), 1018 (1975)

20 pages review article from IBM Research Laboratories20 pages review article from IBM Research Laboratories

usingusing AMRAMR--based readbased read--heads in hard drivesheads in hard drives was crucial in their miniaturizationwas crucial in their miniaturization
and improving their speedand improving their speed, , which was important factor in development which was important factor in development 
ofof personal computerspersonal computers

AMRAMR technologtechnologyy was developed till introduction of was developed till introduction of GMRGMR--based readbased read--headsheads
((afterafter 1988)1988)

later later AMRAMR of similar size of similar size ((aboutabout 25%25%)) was found in amorphous ferromagnet was found in amorphous ferromagnet 
UU1-xSbSbx but in but in 55 TTeslaesla magnetic fieldmagnetic field ((atat 1010 KK))

P. P. P. P. FreitasFreitasandandT. S. Plaskett, T. S. Plaskett, Phys. Rev. Lett.Phys. Rev. Lett.6464, 2184 (1990), 2184 (1990)..

Contemporary example:Contemporary example:
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anisotropic anisotropic mmagnetothermopoweragnetothermopower

5

recent example :recent example :

S saturates at about 0.2TeslaS saturates at about 0.2Tesla

DDS/S about 6% S/S about 6% 

(T=6K, x=0.039)(T=6K, x=0.039)

earlier observed in nickel nano-wires 

or in normal state of Nd 1.85Ce0.15CuO4
superconductor
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uranuraniiuum pnictides m pnictides -- UU33XX44 seriesseries

• X = P, As, Sb, Bi 

• one of three types: UX, U3X4 (both cubic) and UX2 (tetragonal)

• U3X4 – cubic ferromagnets

• large magnetic moment 

• high Tc (up to 198K)

• significant hybridization of f-states with conduction band
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6

excellent single crystals
(grown by CVT or 
evaporation of solution)

U3P4 RRR > 2000
U3As4 RRR do 700

used here RRR>200



•• U-U and U-X distances increase along series (when  X : P ® Bi) 

• but also radius of X anion increases    

in effect Uf -Uf overlap decreases while Uf -Xp overlap increases ! 

Two competing kinds of hybridization (delocalization) : 

1) U-U hybridization – overlapping of  5f and 6d states of uranium

2) U-X hybridization – mainly overlapping of Uf -Xp states

Usually U-U hybridization dominates when U-U distances 
are smaller than Hill limit (»3.5 Å).  

Magnetic moments of uranium can be completely quenched 
and system become nonmagnetic or superconducting. 

However, in U3X4-series the smallest U-U distance is 3.9 Å

when X : P ® Bi, U-X hybridization gradually overcomes U-U hybridization 

Model system for studying delocalization of 5Model system for studying delocalization of 5ff--electronselectrons
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UU33XX4 4 seriesseries
• common crystal structure

Th3P4-type
space group I-43d

• two types of magnetic 
structure : 

U3P4 and U3As4
(non)collinear, 
ferromagnets with
<111> easy axis,

respectively:
m=1.34mB;  -mL/ mS=2.27 

and
m=1.82mB;  -mL/ mS=2.37 

for U3+ :   -mL/ mS=2.56
for U4+ :   -mL/ mS=3.32

PRB  60 6242 (1999)
8M
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local symmetry is tetragonal (S4),
with axes along main cubic axes, 
thus three sublattices 

U3Sb4 and U3Bi4 :
collinear structures, 
with two sublattices  
and easy axes along <001> 

respectively in sublattices : 
m1=2.36mB m2=1.72mB

-mmmmL/ mmmmS=2.85 and 2.19

and

m1= 2.31mB m2=1.96mB 

- mmmmL/ mmmmS=2.75 and 2.51

although all crystallographic 
positions of U are equivalent !

UU33XX4 4 seriesseries
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FermiFermi surfacessurfaces of of UU33AsAs44 andand UU33PP44

LMTO calculations results (with spin polarization, but no SOC)

V.N. Antonov et al. Phys. Rev. B 59 14571 (1999)

excellent agreement with dHvA experimental results 
also large effective masses :  70 m0 and  33 m0

Y. Inada et al. - J. Phys. Soc. Jpn. 70 558 (2001)
10M
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UU33AsAs44

electrical resistivity 
of single-crystal samples 
measured in different directions

AMRAMR up to 26%up to 26%

(T=78K)(T=78K)

Z. Henkie and J. Klamut 1977 Z. Henkie and J. Klamut 1977 
Z. Henkie 1980Z. Henkie 1980
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anisotropy of resistivity in one domain of a ferromagnetanisotropy of resistivity in one domain of a ferromagnet

r r r r (I,M )  =  � 0 + � 1(SSSSi=1,2,3aaaa ibbbbi)2 + 2(� 2-� 1) SSSSi¹¹¹¹ j aaaa ibbbbi aaaa jbbbbj

 aaaa1,2,3 – directional cosine of electrical current vector J

bbbb1,2,3 – directional cosine of magnetization vector M

� 0, � 1 � � 2  - phenomenological anisotropy parameters

J.P. Jan 1957
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phenomenological description of phenomenological description of AMRAMR
in Uin U33PP44 and Uand U33AsAs44

different resistance for 5 inequivalent configurations :

J || [110] & M || [111]  �� rrrr = � 0 + 1/3� 1 + 1/3� 2

J || [110] & M || [-111] �� rrrr = � 0 + 1/3� 1 - 1/3� 2

J || [111] & M || [111]  �� rrrr = � 0 + 1/3� 1 + 2/3� 2

J || [111] & M || [-111] �� rrrr = � 0 + 1/3� 1 - 2/9� 2

J || [100] & M || [111]  �� rrrr = � 0 + 1/3� 1

�����������

	
�����	�

��	��	����
�
������ :  � 0+1/3� 1 and � 2
13M
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UU33AsAs44 - resistivity versus field angle at constant temperatures
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��������	
������������	
����

35� 90�

two configurations selected for measurement
(defined by the angle between current and magnetization vectors)
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UU33AsAs44 -- temperature dependence of resistivity for two configurations
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UU33PP44 -- temperature dependence of resistivity for two configurations
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UU33AsAs44 andand UU33PP44 -- AMRAMR((TT))

18

definition of AMR had to be modified :
(R||-R^ )/R ^ =>  (RM||[111]-RM||[-111])/RM||[-111]  

50% 

- 50% 

±±±± 50% are record 

high AMR values 

for bulk material
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UU33PP44 -- temperature dependence of thermopower for two configurations
and DDT || [110]T || [110]
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UU33AsAs44 -- temperature dependence of thermopower for two configurations
and DDT || [110]T || [110]
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�

� �� ������
����������������
���������� ��������

AMR of permalloys was described by Campbell, Fert and Jaoul with a two-current 
model (CFJ-model) for currents with up and down spins in s-d-hybridized bands. 

Anisotropy in that model was due to interband scattering enabled
by spin-orbit coupling (SOC).

Is CFJ-model appicable to AMR in U3X4 ?

SOC in 5f-electron systems is 3 - 30 times stronger than in 3d-electron systems 

Photoemission studies indicate SOC about 0.8 eV for 5f-states in U3P4 and U3As4.

But the CFJ-model does not allow inversion of AMR sign, 

it also doesn’t seem applicable to magnetothermopower. 

Additional mechanism is necessary. 
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L. M. Sandratskii and J. Kübler - Phys. Rev. B,  55 11395 (1997)  LMTO, spin pol.+SOC

�����
������
	
���������
������
	
���� �������� �� �������� �� ���� ��
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�� ����� ������ ��������!���	���
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���
Ab initio calculations by Sandratskiego and Kübler show abrupt variations 
of DOS in close vicinity of Fermi level for both U3P4 and U3As4. 

It makes DOS, and subsequently electron-transport properties, very sensitive 
to any shifts in energy of conduction bands. Such shifts should appear along 
<111> when Fermi surface is deformed through trigonal distorsion appearing 
in magnetically ordered state (magnetostriction). 

Magnetostriction of order of 10-4-10-3 was found in both compounds along <111>. 

23

P. Wi� niewski, M. Doerr and M. Rotter – J. Magn.Magn. Mater. 310 e904–e906 (2007) 
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EF ³³³³ 5.4 eV,   

in vicinity of EF : ¶¶¶¶DOS/¶¶¶¶E »»»» 2160(2690) eV-1 for U3As4 (U3P4) ,

magnetostriction ��� � ¶¶¶¶kF/kF »»»» 10-3

¶¶¶¶EF = {2�è�è�è�è/(2·m*)} kF·¶¶¶¶kF ��� � ¶¶¶¶EF »»»» 2·10��������3 �è�è�è�èkF
2/(2·m*) = 2·10��������3EF ³³³³ 1.08·10-2eV

¶¶¶¶DOS= (¶¶¶¶DOS/¶¶¶¶EF)·¶¶¶¶EF ³³³³ 23 (29)for U3As4 (U3P4)

this is 46% and 41%  of DOS at Fermi level !

P. Wi� niewski - Appl. Phys. Lett. 90, 192106 (2007)
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anisotropy of anisotropy of DOS ?DOS ?
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sumsummarymary

Huge anisotropy of resistivity and thermopower of U3P4 and U3As4

varies strongly with temperature, and at certain temperatures 
undergoes inversion.  

Change of direction of applied magnetic field causes very large 
variations of thermopower, and even may change its sign!

perspective:

• AMR of solid solution U3(P,As)4

• AMR of U3Sb4 and US (ferromagnet with large magnetostriction)

• band calculations with reduced symmetry (distortion)
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Very similar character, 

but anisotropy is much larger

in antimonide that in arsenide! 

What is magnetostriction 
of antimonide ?

UU33AsAs44 andand UU33SbSb44

comparison of anisotropy of 
resistivity of polycrystalline 
samples
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