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Th e a b i ni t i o sel f- consistent calcula tion s w ere perf ormed for U Sn2 com-
p ound , which cr ystalli zes in the Zr Ga 2 - typ e structure ( C m m m space group ) .

T he tight binding linear mu £n- tin orbital metho d in the atomic sphere ap-
pro ximation w as used in the calculati ons. T he spin- pola rized calcula tion s
conÙrmed the antif erromagnetic order in the U Sn2 system. T he magnetic
moment is predominan tly located on the uranium atoms and is formed

mainly by the f electrons. T he three typ es of Sn atoms may b e treated
as non-magnetic.

PACS numb ers: 71.20.{b, 75.25.+ z

1. I n t rod uct io n

R ecently urani um com pounds have attra cted interest because of m any in-
teresti ng properti es such as the Paul i paramagneti sm, spin Ûuctua ti ons, heavy
ferm ions, magneti c orderi ng, or superconducti vi ty . W ide range of pro perti es in
these com pounds is caused by the ura nium 5 f electrons, whi ch show an interm e-
di ate character between the localized 4 f electron system and i ti nerant character of
3 d electro ns. The way to understa nd these pro perti es is system ati c studyi ng of the
phase diagram s of the binary phases, where the same ato m s located in di ˜erent
crysta l lographi c latti ces lead to uni que phenomena.

The Ùrst ref erence on the binary U { Sn was by T reick et al . [1]. The exi stence
of three binary com pounds was reported : USn3 , U3 Sn5 , and U 3 Sn2 . Thi s paper
wa s a basis for a tenta ti ve phase diagram pro posed by Sheldon et al . [2]. These
inv estigati ons led to concl usion tha t compounds such as U3 Sn7 , USn 2 , U5 Sn4 , and
USn reported by Sari et al . [3] are not trul y equi l ibri um phases. The comprehensi ve
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wo rk by Palenzona and Ma nfri netti [4], in whi ch the techni ques of di ˜erenti al ther-
m al analysis, meta l lographi c analysis, X- ray di ˜ra cti on, and electron microscopy
were employed, has rem oved the uncerta inty in thi s m atter. The fol lowing inter-
m ediate, hom ogeneous phases have been conÙrm ed: U5 Sn4 , USn, USn2 , U3 Sn7 ,
and USn3 . The U 3 Sn5 and U 3 Sn2 system s were found to be non-hom ogeneous.
The latest reinvesti gati on of the structura l chemistry of the binary stannides [5]
conÙrmed the fol lowing phases reported earl ier [4]: USn 3 (Au Cu3 -typ e), U 3 Sn7

(Ce 3 Sn7 -typ e), USn 2 (Zr Ga2 -typ e), USn (ThIn- typ e), and U 5 Sn4 (Ti 5 Ga 4 -typ e).
The m agneti c measurements [5, 6] showed tha t U3 Sn7 and USn 2 are anti -

ferrom agnets, USn and U 5 Sn4 are ferromagnets and USn3 i s a spi n Ûuctua ti ng
system . The temperatures of magneti c orderi ng are in the range between 49 K
and 80 K [5, 6]. A com parison of thi s behavi our to tha t of the isostructura l binary
germ ani des reveals an interesti ng evoluti on of magneti c intera cti ons connected to
the hybri di zati on of U(5 f ) electrons wi th tho se of the l igands (Sn, Ge). The anti -
ferrom agneti c order was conÙrmed for U 3 Sn7 and USn2 by neutro n di ˜ra cti on [7].

As a Ùrst step to ward an understa ndi ng of the electroni c states in the who le
tem perature range, i t is importa nt to cl ari fy the ground state properti es of these
compounds. Recentl y developed theoreti cal metho ds to carryi ng out rel iabl e qual -
i ta ti ve calculati ons of energy band structures are very powerful to ols. Ho wever, i t
is a bi g chal lenge to calcul ate band structure of 5 f electron system s. The degree
of local izati on of the U (5 f ) states is not kno wn and analysis of interura nium di s-
ta nces indi cates possible di ˜erent degree of local izati on of 5 f electro ns. Ti l l now,
for binary U{ Sn system s, the band structure calcul ati ons ha ve been reported for
two com pounds: USn 3 [8{ 11] and USn [12]. The Ùrst compound has sim ple uni t
cell (AuCu 3 -typ e) but the pro blem was to ta ke into account m any body e˜ects
responsibl e for large enhancement in the speciÙc heat coe£ cient, whi ch in the case
of USn 3 i s about seven ti m es larger tha n for UG e3 . The second compound, USn
(ThIn- typ e structure), has much more com plex uni t cell : urani um and ti n ato ms
each occupy three crysta l lographi c positi ons m ark ed as 4d, 4d, and 4c sites. In thi s
structure the U(4 c) ato ms form m etal l ic chains runni ng along c axi s, wi th inter-
ato m ic U(4 c){ U(4 c) distance of 3.10 ¡A, whi ch is close to the Hi l l lim i t, and the
rem aining intera to m ic di stances between ura nium ato ms are well above the lim i t.
USn orders f erromagneti cal ly wi th an ordered m oment of 1 : 2 ñ B / U [5]. Because of
the short U(4 c){ U(4 c) di stance and exp ected hybri di zati on between f states and
the conducti on-band electro n states i t was interesti ng to know i f thi s ura nium sub-
latti ce is also magneti cal ly ordered. In the isostructura l germ ani de UG e situa ti on
wa s simi lar but in thi s compound U(4 c){ U(4 c) distance is shorter, about 2.9 ¡A,
and calcul ated spi n magneti c mom ent is reduced to about 0 : 2 ñ B / U [13]. The
rest of U ato m s have m agneti c m oments about nine ti mes larger and they order
anti ferromagneti cal ly. In the case of USn, the calcul ati ons showed tha t m agneti c
m oments on U ato ms order ferrom agneti cal ly, and the spin mom ents have sim i lar
values (2.7À 2 :9 ñ B / U ato m ), even in the case of U(4 c) ato m s.
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The USn2 compound has relati vely ti n- ri ch com positi on and orders anti f er-
rom agneti cal ly. Its isostructura l equivalent UG e2 orders ferrom agneti cal ly at am -
bi ent pressure, and T C decreases under pressure, vanishi ng at about 1.6 GPa [14].
Aro und 1 GPa, Saxena et al . [15] have found tha t UG e2 becomes superconducti ng
whi le rem aini ng ferrom agneti c (m ¤ 1 ñ B / U ato m ) provi ding a novel exam ple of
coexistence of the sup erconducti vi ty and f erromagneti sm. The band calcul ati ons
perform ed by Shick and Pi ckett [16] repro duced the magnitude of the observed
m agneti c m oment and the m agneti c anisotro py.

The aim of thi s paper is to calcul ate the electro nic structure of the USn2

compound and compare the obta ined resul ts wi th the experim ental ones.

2. M et h od of ca lcu l at io ns

The electronic band structure was calcul ated by the ti ght- bi nding l inear
m u£n- ti n orbi ta l m etho d (TB- LMT O) in the atom ic sphere appro xi matio n (ASA)
[17, 18]. The neutro n di ˜ra cti on [7] experim enta l values of the la tti ce parame-
ters were assumed for com puta ti ons. In the crysta l structure of USn2 urani um
ato m s occupy one positi on 4j and ti n atom s occupy three crysta l lographi c posi-
ti ons mark ed as 4i , 2a, and 2c sites (see Fi g. 1). The uni t cell accom m odates four
form ula uni ts, the positi ons of ato m s are given in T able I. In the ASA the vol -
um e of the uni t cell is divi ded into the W igner{ Seitz (W { S) ato m ic spheres of the
di ˜erent radi i , whi ch are col lected in Tabl e I. The avera ge W igner{ Seitz radius
is 1.825 ¡A.

Fig. 1. The crystallograp hi c unit cell of U Sn2 comp ound.
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T ABL E I

Structural parameters of U Sn2 comp ound
(orthorhombic, ZrGa 2 -typ e, space group:
C m m m ).

Atom (site) x y z S j [¡A ]

U ( 4j ) 0.0 0.1477(4) 0.5 1.962

Sn1(4i) 0.0 0.3229(5) 0.0 1.742

Sn2(2a) 0.0 0.0 0.0 1.762

Sn3(2c) 0.5 0.0 0.5 1.744

The starti ng ato m ic conÙgurati ons were assumed as core + 6 p 6 5 f 3 6 d 1 7 s2 for
U, and core +5 s 2 5 p 2 for Sn ato ms. The overl ap volum e of mu£ n- ti n spheres for
the chosen W { S radi i S j was 9.67%. The standard com bined correcti ons for over-
lappi ng W { S spheres [17] were appl ied to com pensate the ASA errors. The ful ly
relati vi sti c trea tm ent wa s used for the core electrons and for the valence elec-
tro ns the scalar relati vi sti c appro xi m ati on suppl emented by the spin{ orbi t e˜ects
ta ken into account wi thi n the Mi n and Jang scheme [19] was adopted. The vo n
Barth{ Hedi n [20] exchange-correl ati on potenti al was used. The self-consistent cal-
cul ati ons were perform ed for 1221 k -points in the i rreduci ble wedg e (1/ 8) of the
Bri l louin zone. The i tera ti on pro cedure was ended when the self-consistency wi thi n
the 0.01 m R y error was achi eved. For the integ rati on in the k -space the standard
tetra hedron metho d was used [21].

3 . R esul t s an d d iscu ssio n

The spin polari zed band structure calculati ons were perform ed using the
TB LMTO ASA m etho d f or doubl e uni t cell along c axi s, as it was suggested
by neutro n di ˜ra cti on (see Fi g. 3 in [7]). The uranium ato m s in disti nct cells
were form ally trea ted as di ˜erent typ es of ato m s, the calcul ati ons for them were
perform ed independentl y up to self-consi stency. W e also obta ined soluti ons for
ferrom agneti c order and anti ferromagneti c order wi th anti paral lel al ignm ent wi thi n
sing le uni t cell . In both cases the to ta l energies were higher tha n for the case
described by the neutro n di ˜ra cti on. The presented below results of calcul ati ons
wi l l concern only thi s situa ti on.

The calcul ated electroni c structure of USn 2 gave density of states (D OS)
pl ots presented in Fi gs. 2 and 3. The to ta l D OS in Fi g. 2A is decomposed into
contri buti ons from s ; p; d , and f electro ns in respective panels (l et us note the
di ˜erent verti cal scales). Site pro jected DOS plots are presented in Fi g. 2B.

In the to ta l D OS a f ew characteri stic features can be observed. The two
subba nds located between 17.9 and 19.5 eV below the Fermi level (ta ken as E F = 0)
is due to the U p electro ns (95.6%) wi th smal l contri buti ons from Sn ato ms (s and p

electrons), whi ch are the nearest neighb ours of the U ato ms. The distances between
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Fig. 2. T he D OS plots for U Sn2 comp ound: (A ) total and l- decomp osed; ( B) local (let

us note that for U and Sn3 atoms the DO S plots are presented for tw o spin directions).

the U ato m s and surro undi ng ato m s are the fol lowi ng: 3.176 ¡A, 3.194 ¡A, 3.178 ¡A,
and 3.858 ¡A for Sn1, Sn2, Sn3, and U ato m s,respectivel y. The U (6 p ) electrons f orm
subba nds, whi ch have about 0.4 eV of wi dth. The sim i lar subba nds are form ed by
U (6 p ) electrons in UG e2 compound [22]. In the case when interura nium di stances
are larger the U(6 p ) electrons f orm very narrow bands (e.g. for UCu 5 Sn com pound,
where U{ U di stance is about 5 ¡A [23]). The range between { 10.5 eV and { 4.8 eV is
occupied mainl y by s electrons from Sn ato m s (see Fi g. 3B{ D ). The D OS located
above Sn s electro ns up to the Ferm i level are com posed of Sn( p ) and U( d ; f )

electrons. The U(5 f ) electro ns pro vi de the main contri buti on to the to ta l D OS
at the Fermi level, about 86% of the value 12.007 states/ (eV f.u.). The calcul ated
value of the Somm erfeld coe£ ci ent Û0 in the l inear term of the heat capacity
is equal to 28.3 m J/ (m ol K 2 ). Thi s value is close to the exp erimenta l value Û

obta ined by D har et al . [6]: 28 mJ/ (m ol K 2 ). The theo reti cal value shoul d be lower
tha n the experim enta l one because of an enhancement factor Ñ; Û = (1 + Ñ) Û0 ,
whi ch has positi ve value. Uncerta inty of Û0 i s magniÙed because of locati on of
E F on the slope of sharp D OS peak. The U (5 f ) electrons form a relati vely wi de
band occupied by about 3.2 electro ns, havi ng the centre of gravi ty above E F .
The occupati on numb ers and D OS at the Fermi level for parti cular ato ms are
col lected in T ables I I and I I I, respectivel y. The occupati on num bers col lected in
T able I I al low calcul ati ng the spin magneti c m oments. The to tal magneti c mom ent
is predo minantly located on U ato m s (2 :5 6 6 ñ B / U atom ). The m ain contri buti on
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Fig. 3. T he local and l -decomp osed DO S plots for U Sn2 comp ound: (A ) and (B) for U

and Sn3 atoms, resp ecti vely, presenting results for two spin directions; (C ) and (D) for

Sn1 and Sn2 atoms, respectively , presenting results for one spin direction (no magnetic

moment on these atoms).
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T ABLE I I

N umb er of states for U Sn2 comp ound (p er atom or unit cell and
spin).

A tom (site) Spin s p d f T otal

U (4j ) " 0.249 3. 037 0.989 0.415 4.690

# 0.268 3. 041 1.153 2.794 7.256

Sn1(4i) " or # 0.785 1. 062 0.120 0.046 2.013

Sn2(2a) " or # 0.787 1. 037 0.151 0.059 2.034

Sn3(2c) " 0.784 1. 028 0.132 0.051 1.995

# 0.778 0. 999 0.156 0.061 1.994

Total " 7.278 20.526 5.000 2.064 34.868

(p er cell) 7.342 20.484 5.706 11.600 45.132

TABLE I I I

Density of states at the Fermi level for U Sn2 comp ound (per
atom or f.u. and spin).

A tom (site) Spin s p d f Total

U (4j ) 0.020 0.014 0.238 0.402 0.674

0.021 0.024 0.288 9.867 10.200

Sn1(4i) or 0.007 0.197 0.050 0.029 0.283

Sn2(2a) or 0.009 0.223 0.053 0.053 0.338

Sn3(2c) 0.011 0.155 0.035 0.009 0.210

0.003 0.157 0.037 0.051 0.248

Total 0.037 0.400 0.332 0.462 1.231

(p er f .u. ) 0.034 0.411 0.383 9.948 10.776

i s pro vi ded by U(5 ) and U (6 ) electrons (2.379 and 0 1 6 4 / U atom , respec-
ti vel y). The m agneti c m oments in the uni t cell presented in Fi g. 1 are para l lel.
The anti f erromagneti c situa ti on is obta ined expandi ng the cell along axi s. A
very smal l m oment, anti para l lel to the urani um one, is induced on Sn3 ato m,

0 0 0 1 / Sn3 ato m . The resulta nt m oment is an e˜ect of opposite polariza-
ti on of parti cular typ es of electrons. The contri buti ons to the Sn3 to ta l m agneti c
m oment are the fol lowing: 0.006, 0.029, { 0.026, and 0 0 1 0 for , and

electrons, respect ively. Com pari ng calcul ated spin magneti c m oment of the U
ato m and the resul ta nt exp erimenta l va lue 1 5 6 / U ato m [7] one can estim ate
orbi tal m om ent located on urani um ato ms. The orbi ta l mom ents on U ato ms are
anti para l lel to the spin ones and thei r v alues are equal to about 4 / U ato m. The
value is of the order of typi cal values obta ined by ful ly relati vi sti c codes reported
for UG e2 (2 .85{ 3.18 [16]), UF e5 Al 7 (2 .44 [24]), or USb (3.42 [25]).
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For U and Sn3 ato m s the spin pro jected D OS plots are presented in Fi gs. 1B,
2A, and 2B. In the case of Sn3 the di ˜erences in the spin pro jected DOS are vi sible
onl y in the vi cini ty of the Ferm i level. For Sn1 and Sn2 ato m s (Fi gs. 3C, D) the
spi n pro jection is not necessary , the calcul ated m oments are below 1 0 À 5 ñ B / Sn
ato m , value beyond experim enta l resoluti on and wi thi n com puta ti onal error.

4 . Co n cl usion s

The presented results of spi n polarized band structure calcul ati ons for USn2

compound show tha t the magneti c mom ents are form ed m ainly by U(5 f ) and
U (6 d ) electrons and order anti ferromagneti cal ly. The three typ es of Sn atom s may
be trea ted as non-magneti c. The m agneti c uni t cell is com posed of the crysta l lo-
graphi c cell doubl ed along c axi s.
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