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An investigation was made of the temperature dependences of the crystal lattice parameters, saturation 
magnetization, paramagnetic susceptibility, coercive force, and magnetostriction of single crystals of the 
intermetallic compound UGa,. In the magnetically ordered state (T, = 125"K), the magnetic moment of 
uranium is 2.71 p~ and it is due to the partly delocalized Sf electrons. Below T,, the compound UGa, 
experiences a strong orthorhombic distortion of the hexagonal lattice which is due to large 
magnetostrictive strains (A-lo-'). There is a considerable magnetocrystalline anisotropy in the 
ferromagnetic and paramagnetic states. The uniaxial magnetic anisotropy constant is K, = - 2X 10' erg/g 
and the constant representing anisotropy in the basal plane is K, = - 0.6X lo6 erg/g. 

PACS numbers: 75.30.Cr, 75.80. + q, 75.30.Gw, 61.80. + m 

1. INTRODUCTION 

The magnetic p roper t i es  and c r y s t a l  s t r u c t u r e s  of 
uranium compounds are of considerable  interest in the  
physics of magnet ism and magnetic mater ials .  Exten- 
sive experimental  da ta  are now avai lable  on the  pr inci-  
pal  magnetic p roper t i es  (magnetic ordering tempera-  
ture, saturat ion magnetization, magnetic s t ruc ture ,  
etc.) of the compounds of uranium with various ele- 
ments. However, many important  and interest ing fea- 
tures of the magnet ism of t h e s e  compounds-suchasthe 
nature of the magnetic o rder ,  degree  of localization of 
the magnetic moment of the uranium ions, influence of 
the c r y s t a l  field on th i s  moment, etc. -are known only 
partially. T h i s  is largely due to the fac t  that the pub- 
lished investigations of the magnetic p roper t i es  of u ra -  
nium compounds have not been sufficiently comprehen- 

s i v e  and have been c a r r i e d  out pr imar i ly  on polycrys- 
talline samples ,  so  that t h e r e  is little information on 
s u c h  important  charac te r i s t i cs  as the magnetic anisot- 
ropy and magnetostriction. 

T h e  compound UGa, is at t ract ing considerable  atten- 
tion. It is the only compound of uranium with the hexa- 
gonal AlB,-type s t r u c t u r e  and ferromagnet ic  ordering 
at low temperatures .  Measurements  of the magnetiza- 
tion, magnetostriction, paramagnet ic  susceptibility, 
e lec t r ica l  resis t ivi ty ,  and Young modulus have been 
c a r r i e d  out"1° on polycrystalline s a m p l e s  of UGa,. 
However, the magnetic p roper t i es  obtained f o r  poly- 
c rys ta l l ine  samples  can only be regarded as es t imates  
because of the exceptionally s t rong  magnetic anisotropy 
of this  compound ( s e e  below). In view of this  situation, 
it seemed des i rab le  to c a r r y  out a systematic  investi- 
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gation of the magnetic properties, magnetostriction, 
and crystal structure of UGa, single crystals throughout 
the complete range of temperatures of the magnetically 
ordered state. 

2. SAMPLES AND EXPERIMENTAL METHOD 

The compound UGa, was synthesized by fusing togeth- 
e r  the components in a water-cooled copper tray in a 
helium-filled a rc  furnace. The grain size was in- 
creased by heating the resultant ingot to the melting 
point (1200°C) in an Alundum crucible placed inside a 
resistance furnace. The chemical activity of uranium 
resulted in the formation of a uranium oxide film on the 
surface so that an ingot actually melted in an oxide 
"crucible." This prevented the interaction between the 
uranium and the Alundum crucible. A high (-150°C/cm) 
temperature gradient during cooling made it possible to 
prepare UGa, ingots with fairly large grains from which 
single crystals of mass up to 300 mg were cut. The x- 
ray diffraction data indicated that these crystals did not 
contain more than 5% of the UGa, phase. The misorien- 
tation of the subgrain boundaries did not exceed 2". 

The crystal lattice parameters were determined by 
the x-ray method using a Gegerfleks diffractometer in 
the temperature range 4.2-300°K; this was done for 
single crystals and powders. In the latter case, use 
was made of a powder prepared by grinding an ingot in 
a mortar or  a powder prepared by diffusion sintering of 
uranium and gallium in the appropriate proportions at 
250°C, followed by annealing at 600°C (Ref. 5). This 
powder contained approximately the same amount of the 
UGa, phase but was finer than the powder prepared by 
grinding an ingot and, moreover, in contrast to the 
latter, it did not have metallic luster. 

The magnetization and susceptibility were measured 
on single crystals along various crystallographic direc- 
tions using an induction method and static fields up to 
75 kOe at 4.2"K and up to 38 kOe in the temperature 
range 4.2-300" K. The paramagnetic susceptibility was 
measured with a vibration magnetometer and pendulum 
balance in fields up to 10 kOe at 130-300°K. The mag- 
netostriction was determined in pulsed magnetic fields 
(pulse duration -5 nsec) in the temperature range 
4.2-130°K using a portable piezoelectric transducer." 

3. CRYSTAL STRUCTURE 

The crystal structure of UGa, at T= 300°K, i.e., in 
the paramagnetic state, is hexagonal and of the AlB,- 
type with the space group ~ 6 / m m m  and lattice param- 
eters a =  4.2130 $ c =  4.0171 A in the case of the powder 
prepared from an ingot, and a =  4.2103 A, c = 4.0193 A 
in the case of the powder synthesized by diffusion sin- 
tering (Fig. la). The following values of these param- 
eters a re  reported in the literature: a = 4.21 A, c = 4.01 
A (Ref. 1); a =  4.212 A, c =  4.024 A (Ref. 2); a =  4.22 A, 
c =  4.02 A (Ref. 3). The small differences between the 
lattice parameters measured on different samples by 
' different authors may be due to the existence of a homo- 
geneity region of the compound UGa, or to the influence 
of mechanical stresses. 

I n m I!? 

FIG. 1. a) Hexagonal unit cell of UGa2. b) Relationship be- 
tween the hexagonal and orthorhombic cells in the (001) plane. 
c) Appearance of two distances between the (100) hexagonal 
planes as a result of magnetic ordering: I-Ill are magnetic 
phases with different directions of the easy axis; lV i s  the 
undistorted hexagonal cell. 

The temperature dependences of the lattice param- 
eters of UGa, a r e  plotted in Fig. 2. Cooling results in 
a linear reduction in the parameters in the paramag- 
netic temperature range and there a r e  no anomalies in 
the dependences a(T) and c(T) in the range 130-300°K. 
Hence, it follows that-there a r e  no structural transi- 
tions in this range such a s  those suggested in Ref. 4 to 
explain the experimentally detected thermal hysteresis 
of the electrical resistivity and Young modulus a t  such 
temperatures. 

Cooling below the magnetic ordering temperature 
splits all the diffractogram lines, with the exception of 
(001). This shows that the hexagonal structure becomes 
distorted (Fig. lb) and i s  converted to the orthohombic 
space group Cmmm. The distortions can be defined a s  
A = b / f i  - a  and it is clear from Fig. 2 that the value of 
A increases monotonically on reduction in temperature 
of the sample prepared from the ingot." 

The orthorhombic distortions of the crystal structure 
of UGa, associated with the magnetostrictive strains, 
which appear in the magnetically ordered state, are  
evidence of a strong magnetostriction. The relation- 
ship between the crystal lattice distortions and mag- 
netostriction will be discussed in greater detail later. 
Here, we note that, according to x-ray measurements 
on a single crystal, the (hOO) reflections (with hexa- 
gonal indices) split into two lines: (02h0) and (hhO) 

I l l  1 I L 
0 SO 100 ?50 ZOO 250 300 

FIG. 2. Temperature dependences of the crystal lattice 
parameters of U Ga2. 
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(orthorhombic indices) in the magnetically ordered 
state. This corresponds to two different interplanar 
distances in a crystal perpendicular to the same direc- 
tion. This is due to the fact that, in the magnetically 
ordered state, a crystal splits into different magnetic 
phases (domains) in which the magnetization directions 
and, consequently, the magnetostrictive strains a re  
oriented along the various easy magnetization directions 
(a axes) in the basal plane. Since the number of such 
easy axes and, consequently, possible magnetic phases 
is three-transition to the magnetically ordered state 
splits a crystal into trillings of different magnetic 
phases so  that the sample a s  a whole ceases to be a 
single crystal: each of the split regions is then a single 
crystal. In the demagnetized state with the equilibrium 
domain structure, i.e., when the volumes of the differ- 
ent magnetic phases are equal, the (hhO) line should be 
twice as  strong a s  the (02h0) line (Fig. l c ) ,  which is 
indeed observed experimentally. 

4. MAGNETIC MOMENT AND MAGNETIC 
ANISOTROPY 

Figure 3 shows the magnetization curves of a UGa, 
single crystal along various crystallographic directions 
at 4.2"K. We can see that the hexagonal c axis of the 
[001] crystal is a difficult-magnetization direction and 
the directions of easy magnetization lie in the basal 
plane along the a axes (type (100) directions). 

Figure 4 shows the temperature dependence of the 
spontaneous magnetization o, of UGa,, found from mag- 
netic measurements along the easy axis. The depen- 
dence u,(T) obtained for UGa, is typical of ferromagnets. 
The Curie temperature, deduced from the Landau the- 
ory of second-order phase transitions using the depen- 
dences $= f ( ~ / c r )  is 125"K, which is close to the re- 
sults reported in Ref. 5 and 6. 

The magnetic moment p, per uranium atom in UGa, 
is 2.71 p, at 4.2"K. This value is  greater than pU 
found in Refs. 6 and 7 from magnetic measurements on 
polycrystalline samples (up to 2.35 p,), which is due 
to the fact that in both investigations the samples were 
not saturated in the magnetic fields employed. It is 
also considerably greater than pU= 2.28 p,, found from 
neutron-diffraction data.5 This difference may be due 
to the fact that the value of p, was calculated in Ref. 5 
using the neutron-scattering form factor obtained on the 
assumption that the magnetic moment of the uranium 
ions in UGa, was of purely spin origin. Clearly, this 

FIG. 3. Magnetization curves of a UGaz single crystal along 
various axes at 4.2%: 0) [I001 ( a  axis); A) [I201 ( b  axis); 
8) I0011 (C axis) (hexagonal indices). 

FIG. 4. Temperature dependences of the specific spontaneous 
magnetization vS and reciprocal susceptibil& fl: 6) mea- 
surements along the [I001 axis; 8 )  measurements alom the - 
[OOlI axis. 

assumption is  incorrect. The difference between the 
values of the magnetic moments of uranium in UGa,, 
deduced from the magnetic and neutron-diffraction 
measurements, may be due to reasons other than the 
methodological factor just mentioned. A similar differ- 
ence in the case of some actinide compounds is ex- 
plained by the presence of a delocalized spin density as- 
sociated with the conduction-electron polarization.12 
This may also apply to UGa,. 

Figure 4 shows the dependences of the reciprocal 
paramagnetic susceptibilities XI;' and xi2,  obtained in 
magnetic fields oriented along the c and a axes, re- 
spectively. (It follows from our measurements that the 
susceptibility anisotropy in the basal ab plane is  slight.) 
In both cases, the susceptibility obeys the Curie-Weiss 
law. In the basal plane, the paramagnetic Curie tem- 
perature is @;= 12'7°K and the effective magnetic mo- 
ment is  p:,,= 3.0 p,. The susceptibility along the c 
axis is considerably less and the paramagnetic Curie 
temperature along this direction is negative: 0; 
= -14g0K; the effective magnetic moment is p,,= 3.55 
p,. The considerable anisotropy of the paramagnetic 
susceptibility has already been reported for the ferro- 
magnetic compounds UAsS and UAsSe (Ref. 13) with the 
tetragonal crystal structure and it has been found, ex- 
actly a s  in the case of UGa,, that 6, along the easy 
magnetization direction is close to the magnetic order- 
ing temperature, whereas in the difficult magnetiza- 
tion direction the value of 6, is negative. However, in 
the case of UAsS and UAsSe, the effective magnetic 
moment is independent of the direction." 

The differences between the values of p,,, indicate 
that the Curie-Weiss law cannot be used to describe the 
temperature dependence of the magnetic susceptibility 
of UGa, in the form X =  C/(T -ep). Therefore, we shall 
assume that this difference is due to the fact that the 
susceptibiltiy of UGa, includes, in addition to the con- 
tribution obeying the Curie-Weiss law, a temperature- 
independent component X, due to the delocalized com- 
ponent of the magnetic moment. An analysis of the ex- 
perimental data carried out allowing for the tempera- 
ture-independent contribution shows that the suscepti- 
bility of UGa, in the basal plane and along the c axis 
can be described by 

where x,= 2.8 x 10'' and c= 2.57 x lo'= "K, which cor- 
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responds to p,,= 2.8 pB. We then find that 8,= -64°K 
and 81,= 134°K. 

It follows from Fig. 3 that the compound UGa, i s  
characterized by a strong magnetic anisotropy: a t  
4.2"K in a field of 75 kOe, the saturation cannot be at- 
tained not only along the hexagonal axis, which i s  the 
direction of the most difficult magnetization, but also 
in the basal plane along the b (120) axis. The magnetic 
anisotropy energy of a hexagonal crystal can be written 
in the form 

E.=Kl sin' 0+K. sin' 0+K, sin" cos 6q, (2) 

where 0 i s  the angle between the magnetization and the 
c axis, and p i s  the angle between the magnetization 
and b axis in the basal plane. The first  two terms in 
Eq. (2) describe the uniaxial anisotropy and the third 
represents the hexagonal anisotropy in the basal plane 
of the crystal. 

In weak fields, the magnetization along the c axis is 
proportional to the field: 

We can use the above formula to determine the uniaxial 
magnetic anistropy of UGa,. It i s  found that K, + 2K2 
= -2 x lo1 erg/g at 4.2"K, which corresponds to the 
anisotropy field HA = 2(K, + ~K,)/u, = lo6 Oe. This rep- 
resents the lower limit of the uniaxial magnetic aniso- 
tropy of UGa, because the misorientation of subgrains 
and the field orientation (the combined effect may be up 
to 2") increase the magnetization along the hexagonal 
axis and thus reduce the anisotropy. Allowance for 
these errors show that the anisotropy field is within the 
range (1-15) x 10' ~ e . ~ )  

The uniaxial magnetic anisotropy in the magnetically 
ordered state and the anisotropy of the paramagnetic 
susceptibility a re  related. If the effective magnetic 
moments of the uranium ions a r e  the same along dif- 
ferent crystallographic directions and if the anisotropy 
energy depends on temperature a s  U ~ T ) ,  the application 
of the Landau theory of phase transitions givesx4 

This formula and the paramagnetic susceptibility of 
UGa, gives HA= 3 x lo6 Oe at 4.2"K, which i s  in order- 
of-magnitude agreement with the estimate of HA de- 
duced from the magnetic measurements a t  the same 
temperature.5' 

The uniaxial anisotropy of UGa, is strong a t  all tem- 
peratures below the Curie point. This i s  clear from 
Fig. 5: the field of 32 kOe does not saturate the sample 
along the c axis not only at low temperatures but also 
near the Curie point. It also follows from Figs. 3 and 
5 that the anisotropy in the basal plane i s  strong. How- 
ever, a field of 32 kOe applied above 90°K does saturate 
the sample in the (120) direction. 

A simple calculation shows that, in relatively weak 
fields oriented in the basal plane along the b axis, the 
magnetization varies linearly with the field: 

FIG. 5. Temperature dependences of the specific magnetiza- 
tion in a field of 32 kOe along different crystallographic 
directions: 0) [loo]; A) [1201; *) [0011. 

Hence, the experimental data (Fig. 3) give K3= -0.6 
x lo6 erg/g at T = 4.2" K. 

5. COERCIVE FORCE 

Single crystals of UAsSe have a high coercive force 
(Hc- 10 kOe) a t  T= 4.2"K when magnetized along the 
easy axis.'' This high value of Hc of bulk single crys- 
tals seems to be due to delay in the displacement of 
domain walls which a r e  narrow because the magnetic 
anisotropy i s  very strong and its energy i s  comparable 
with the exchange energy. The wall width 6 amounts to 
a few lattice parameters. Therefore, the coercivity of 
the walls i s  high? 

where Ay i s  the maximum change in the domain wall 
energy in the course of its displacement in a perfect 
crystal and d is the wavelength of the Peierls poten- 
tial. 

In view of this, it seemed interesting to determine 
the value of H, of our UGa, compound, which has a 
uniaxial magnetic anisotropy of the same order of mag- 
nitude but a weaker anisotropy in the a b  basal plane. 
Figure 6 shows a hysteresis loop of a UGa, single 
crystal magnetized along the a axis at 4.2"K and the 
temperature dependence of the coercive force. We can 
see that Hc at 4.2"K is 1.1 kOe, which is much less 
than for UAsSe. This i s  due to the fact that the domain 
walls in the easy-plane UGa, a re  of the N6el type, in 
contrast to the magnetically uniaxial UAsSe, where they 
a r e  of the Bloch type. In the former case, the mag- 
netization vector does not rotate in the ac plane, as in 
UAsSe, but in the a b  plane and mainly against the 
forces of the relatively weak anisotropy in the basal 
plane (K3= -0.6 x lo6 erg/g). Estimates indicate that 
the wall width i s  10, A, which is approximately an or- 

FIG. 6. Magnetization curve and hysteresis loop of a single 
crystal at 4.2"K in an internal field Ht (measurements along 
the [I001 axis). The inset shows the temperature dependence 
of the coercive force. 
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der of magnitude higher than that for UAsSe. There- 
:OK 

fore, in our case, the wall coercivity H, should be u 20 40 60 a ~ .  :oo 120 

considerably less because of the exponential dependence 
of H, on 6: 

H,a e-""d. (7) -I6 

The coercive force in UGa, is due to the domain-wall 
coercivity and clearly also due to the fact that the wall 
displacement is hindered by lattice defects in single 
crystals and, possibly, due to changes in the magneto- 
elastic energy as a result of wall displacement. 

The magnetostriction of a hexagonal crystal can be 
represented in the formi7 

Here, a, are the direction cosines of the magnetiza- 
tion and f i ,  are the direction cosines of the direction of 
strain measurement. The first two terms describe the 
paraprocess magnetostriction depending solely on the 
direction of measurement and the other terms describe 
the magnetostriction which also depends on the orien- 
tation of the magnetization relative to the crystallo- 
graphic axes. 

This formula readily shows that the longitudinal mag- 
netostriction in the basal plane along an easy magne- 
tization axis a is 

and the longitudinal magnetostriction in the basal plane 
along the b axis in weak fields (in this case, we can ig- 
nore deviations of the magnetic moments from the a 
axes nearest to the b axis) is  

Figure 7 shows the field dependences of the longi- 
tudinal magnetostriction of a UGa, single crystal in the 
basal plane along the a and b axes. We can see that 
the condition XC= 2A;, which follows from Eqs. (9) and 
(lo), is now satisfied. [Some departure from this con- 
dition is clearly due to the fact that the domain struc- 
tures of the investigated samples differ from equilib- 
rium, assumed in the derivation of Eqs. (9) and (lo).] 

The temperature dependences of h7*2, deduced from 
Eqs. (9) and (lo), a re  plotted in Fig. 8. We can see 
that the magnetostriction of UGa, isvery high: at 4.2" K, 

FIG. 7. Field dependence of the longitudinal magnetostriction 
of a UGaz single crystal at 4.2% along the i1001 b) and [I201 
(b) axes. 

FIG. 8. Temperature dependences of the magnetostriction 
obtained from magnetostriction measurements along 

various axes: 0) i1001; A) [1201; x)  polycrystalline sample; 
@) deduced from lattice parameters. 

the value of x ~ * ~  reaches --4 x which is com- 
parable with the magnetostriction of rare earths.'' 

The magnetostriction of a polycrystalline sample of 
UGa, was measured above 78°K in Ref. 4. Averaging 
over the weak-field magnetostriction of a polycrystal- 
line sample, when we can assume that the magnetiza- 
tion does not deviate from the type a axes nearest to 
the field, gives 

The values of XYv2 calculated using the above formula 
and the data on the magnetostriction of a polycrystal- 
line sample4 are  in good agreement with the data ob- 
tained for single crystals (Fig. 8). 

It is interesting to estimate also the magnetostriction 
of UGa, from the temperature dependences of the lat- 
tice parameters (Fig. 2). If, a s  is true of UGa,, the 
magnetization lies in the basal plane along type a axes, 
Eq. (8) yields the following expressions for the lattice 
parameters in the ferro-magnetic state: 

where a,,, b,,, and c,, a re  the lattice parameters 
without allowance for magnetoelastic interaction Since 
b,,,= a,,,fi, it follows from the formulas of Eq. (12) 
that 

- 
h". '= (a-blV3)lap,,. (13) 

The values of A**', calculated from the x-ray data, are  
plotted in Fig. 8. We can see that, within the limits of 
the experimental error ,  they agree with the values of 
the same constant deduced from the magnetostriction' 
measurements in a magnetic field. 

The temperature dependences of the lattice param- 
eters also allow us to estimate other magnetostriction 
constants. It follows from Eq. (12) that 

However, in the calculation of these constants, we have 
to know the lattice parameters without allowance for 
magnetoelastic interaction a t  a given temperature: 
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a,,, b,,, and c,, They can be calculated using the 
Griineisen relationship for the temperature dependence 
of the thermal expansion coefficienP9 

a=AcV (15) 

( c ,  is the specific heat a t  constant volume and the co- 
efficient A is  independent of temperature) together with 
the experimental temperature dependences of the lattice 
parameters of UGa, in the paramagnetic region. In 
these calculations, we have to know the temperature 
dependence of c,, i.e., the value of the Debye tempera- 
ture 8,, which can be estimated-because of the ab- 
sence of experimental data-from the Lindemann for- 
mula'' 

where T,, is the melting point, M is the molecular 
weight, and V is the molecular volume of UGa,. Then, 
at 4.2'K, we have A;@'= 0.9 x lom3, and the value of A:*' 
- +A,0s2 is close to zero. We note that these values are 
estimates and can be refined when the experimental 
value of the Debye temperature of UGa, becomes avail- 
able. 

7. CONCLUSIONS 

It is generally assumed that the 5f electrons in me- 
tallic uranium are in the collective state." In com- 
pounds of uranium with other elements, the distance 
between the uranium ions is greater than in the pure 
metal and this gives rise to a state with localized 5f 
electrons, such as  that observed in-for example- 
UX(X= As, P, S) c o m p o ~ n d s , ~ * ~ ~  although even in these 
compounds the overlap of the wave functions of the 5f 
electrons and the 6d and 7s conduction electrons is con- 
siderable." In the group of compounds with stoichio- 
metric composition close to UX,, which includes UGa, 
and the compounds UB,, UHg,, and U3Si, with the same 
crystal structure, the U-U distances a re  close to the 
critical value at which there is a transition of the 5f 
electrons from the collective to the localized state.3 
Therefore, the properties of such compounds depend 
strongly on the interatomic distances (UGa, is a ferro- 
magnet, UB, is a paramagnet with a temperature-in- 
dependent susceptibility, U3S& is a paramagnet whose 
susceptibility obeys the Curie-Weiss law, and UHg, is 
an antiferromagnet3). 

The magnetic moment of uranium ions in UGa,, 
found by us to be p,= 2.71pB, does not agree with the 
magnetic moments of uranium ions of different va- 
lences calculated by the Russell-Saunders scheme: 
~ , = g J p ~  (pU= 3.28 pB for U3+, pu= 3.20 pB for U4*, 
and pB= 2.14 F, for U5+). It follows that the uranium 
ions a re  not free in the ferromagnetic state of UGa,. 
The difference between p, and the value of gJ is prob- 
ably due to partial delocalization of the 5f electrons 
and the influence of the crystal field on the energy 
spectrum of uranium ions. 

Unfortunately, quantitative estimates of the crystal 
field in UGa, a re  lacking but we can use the results for 
other uranium compounds (see, for example, Refs. 23 
and 24) to conclude that the high magnetocrystalline 

anisotropy energy of UGa, is mainly due to the inter- 
action of the anisotropic cloud of the 5f electrons with 
the ligand crystal field, and is of single-ion nature. 
The giant magnetostriction of this compound is, in its 
turn, related to the strong dependence of the crystal 
field parameters on the interatomic distances. 

The authors are grateful to B. V. Mill', Z. Smetana, 
and V. Sechovskf for valuable discussions. 

kharles University, Prague, Czechoslovakia. 
2bistortions of the crystal structure of a sample prepared by 

diffusion sintering are, at 4 .  z0K, of about the same magni- 
M e  but depend nonmonotonically on temperature: at 37"K, 
the value of A(T) passes through a minimum. The reasons 
for this discrepancy are not clear. It may be due to dif- 
ferent compositions of the samples prepared by different 
methods. Since the samples prepared by diffusion sintering 
are powders, their magnitude and magnetostriction proper- 
ties cannot be investigated properly. Therefore, we shall 
only discuss the magnetization and magnetostriction mea- 
surements carried out on single crystals cut from an ingot. 

3)~easurements of the paramagnetic susceptibility of UG% 
were carried out on several single crystals by various 
methods. An analysis also shows that the difference 
between the values of prff and ptif cannot be explained by 
errors in the orientation of the samples during measure- 
ments. 

4$t should be noted that the uniaxial magnetic anistropy 
energy of UG+ is comparable with the exchange interaction 
energy because an estimate deduced from the Curie tem- 
perature gives the exchange field HE = kTc/p, = 0 . 7  x lo6  Oe; 
therefore, it i s  not quite correct to described the magnetic 
anisotropy by Eq. (2) obtained on the assumption that the 
anisotropy energy can be regarded as a small perturbation 
compared with the exchange energy. 

 he temperature-independent contribution to the suscepti- 
bility i s  allowed for in the calculations. 
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The Mott transition in the many-dimensional Hubbard 
model 

Kurchatou Atomic Energy Institute 
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The phase transition problem is solved in the approximation of a large number of nearest neighbors. A 
phenomenological theory is constructed to find the density of states and the value of the dielectric gap in 
the neighborhood of the critical point. Concrete calculations are made for the BCC and simple cubic 
lattices. A detailed comparison with the results of Hubbard's work [Proc. Roy. Soc. A281, 401 (196411 
shows qualitative but not quantitative agreement. The problem of finding the density of states in a 
metallic phase far from the transition point is discussed. 

PACS numbers: 72.60. + g, 71.20. + c 

INTRODUCTION 

We shall study the Hubbard model under the conditions 
that the number of electrons is equal to the number of 
sites and the density of states is an even function of the 
energy. Simple examples that will be considered are 
the d-dimensional BCC and simple cubic lattices, and 
also a hypothetical model with the density of states giv- 
en by Eq. (7), which is the same in zeroth approxima- 
tion as that used by Hubbard.' In all of these cases at 
T = O  the ground state is nearly antiferrodielectric, for 
any value of the ratio of the energy t for transition of 
an electron to an adjacent cell to the intraatomic ex- 
change energy 1. In papers by Langer, Plischke, and 
Matti# and by the present write? i t  has been shown by 
extrapolation that at the Mott transition point the value 
of the N&l temperature T, is at least an order of mag- 
nitude smaller than the exchange energy I .  Using this 
as an assumption, we shall consider the metal-dielec- 
tric transition (M transition) in a paraphase, regarding 
the termperature as small compared with I but large 
compared with T,. 

For this temperature range an attempt has been made 

to construct a phenomenological theory of the M transi- 
tion appropriately analogous to the theory of gapless 
supercon~luctivity.~ A rigorous calculation can be made 
only in a space of a large number of dimensions. It will 
be shown that this scheme checks qualitatively with al- 
most all of the results of the Hubbard theory1 that are 
correct above the Nee1 temperature. It turns out that 
for the density of states (7) the critical value of the 
ratio t/l is identical with the value found in Ref. 1, but 
otherwise the results are quantitatively different. 

1. THE APPROXIMATION OF LARGE NUMBER OF 
NEAREST NEIGHBORS 

In a nonmagnetic phase, when T, << T <<I, we can take 
the Hubbard solution' a s  a zeroth approximation. The 
corresponding G function will be written in the notation 
of the previous papers by the writerss5: 

( 0 , ~ )  (-a,2) 

o;:(k,- 'O*"' ( -lo,,-ea-'/,t (k), 
( - 6 2 )  -'/Zat (k) , -io,+eo-'/.t(k) -"'atck) ) ' 

' .  
t (k) =t eikr, eo='/J, om- (2n+l)nT. 

G) 
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