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A study on the properties of f- and d- electron compounds using band caleulation method
(Report of The SUT-JNC Cooperative Research Scheme on the Nuclear Fuel Cycle in 1999 and 2000)

Noriaki Hamada!, Hiroshi Yamagami?, Syogo Tejima3

Abstract
This report describes the study in The SUT (Science University of Tokyo) -JNC
Cooperative Research Scheme on the Nuclear Fuel Cycle in 1999 and 2000 Japanese fiscal
year.
This report is divided into three parts: construction of a relativistic band calculation
formalism based on the density functional theory, using this method, investigation of the

electrical properties for ferromagnetic UGez and antiferromagnetic UQs:.

1) A relativistic band caleulation (RBC) method

Band calculations for the s, p, and 4 electric structure have been developed well in the
practical application and theoretical study. But band calculation method treating magnetic
5f electrons as actinide compounds are complicated and needed relativistic approach, so it is
behind with the study of the 5f system. In this study we construct the relativistic band

calculation formalism valid for magnetic 5f electrons.

2) Electric properties of UGez

The actinide compounds UGe: is ferromagnetic, so the theoretical analysis is not well
yet. The electric structure and fermi surface of UGez are analyzed using the RBC. The
theoretical results show that UGe: is heavy electron system with the 5f character and are

agreement with experimental one.

3) Electric structure of nuclear fuel UO2

It is important to understand the mechanism of the thermal conductivity of nuclear fuel
as antifenomagneﬁc UOz. The thermal conductivity of UQ:2 at high temperature is
determined by its electric structure. However, this structure, considering relativistic effects,
has not yet been calculated. Therefore, the detailed electrie structure of UQ: is calculated
using the RBC.

1Science University of Tokyo
ZKyoto Sangyo University
SRecycle System Analysis Group, JNC Tokai works. (Present address: Research

Organization for Information Science and Technology)
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2.1.1 BEABREE
BHRANETOHEIR, EFTOEHLYRHTHHEE k. A VF— Ek), HRHEOKREL b0
BEFOREEM: 70y FRE Gk, r) TERTIENTEL, TNLEBL-DOFESIL,
B&(k,v) = E(k)3(k,7), (1.1)
ST, BHIEFAHIN =T L, HMEREI R Dirac FERICE
H=ca-p+ (B — I)mec? + V() + 85, B(r), (1.2)

Thd, TIZTolds i JTHITC,

_Ocr__lOI_lO__crzO )
a—(cr 0)’[3"(0 -1)’ _(0 1)'%_(0' a,)' (1:3)

AMARZ—=RF T X VMV (r) LEWES B(r) IEENMRKER L ) 2N, HEKR AL
F— Ere EETEEn(r). ACVHEABEE () TEFTIEIILNBONE |

V(r) = Vi ¢ [ aof n(r) ., 8Buln(r), m(r)]

[r—7| on{r)
- 0Ezc[n(r), m(r)]
B(7) = Begs + Fn(r) , (1.4)
ZE T, Vgt Begt @HABMAD T —RF V& v b, HEHBTH S,
—7i. n(r). m(r) RIKEHBEHE B, (k,r) L.
n(r) =S &l (k,7)@\(k, 7)0(Er — Er(k)),
ak
m(r) = Y &} (k, r)Bo. @k, T)8(EF — Ex(k)). (1.5)
rk

THRITNTWE, AV FDIEETH A,

LADREFIR, RAHETF V20 b [A] DEZRE LFEK (1.1) BT 70 v REE (K, 7)
EROB, RIC, Bonc7oy FRPEEAVTR (L5 L) ORF VI vV B E5kD 5, BHD
RTFYe Ve B CESRABRLEHELZITO. BF I bR LA 2, FRAORET 5,
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m T3l bny . (1.7)
EELIEDTEDL, TOBEEEIE. BRI T —REF v x W EFDUEWEEINI VT
¥ DIE,
2= 0 0 0
: 0o 2= g 0
Vea(r) + B0 Be(r) = | "’g g o (1.8)
o 0o o &&=
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BRI (1.8) MMAEEOMENEZET.. = LT —%
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E¥BE, HEFRT YR
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Peeltest] — i, + n ool Zeell iy £, (1.10)
LELNB, ZIT, i )
EBEVZ,
Ezeln, ¢ —BIC,
ezcln, ¢] = excn] + (Eic[n] ~ Ege[n ])f(C),
_(1+03+(1-0%-2
EMT 5,
1HH - TR A NF-FRIF L EMEEICTHEL T
et In] = e0F [n] + el [ml, (1.13)
ek, FRFNCHLT, SHRIEI,
3.3
ez n] = —1[;]”3'ﬂ1/3,
e5n] = 2% nl, (1.14)
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1

1
F(z) = (14 2%) log(1 + ;) + —;* -2t - 3 (1.15)

Cp =0.0252,Cr = 0.0127, Ap = 30.0, Ap = 75,

LB
B EostE®fTI &,
Emi;[?r; m] = 2.564[—0.121—}-— - OFF(%) + CPF(AL:)][U + OV — (1 )V,
E:EC 1 4 s
g; m _ [gsf[n] — Cplog(l + —AT;;) ~ 5.13(e£,[n] — £F[n])] (1.16)

+mmm+#¥@mw+#mH&@W~£mmo
] 3

+ 2.56(e5[n] — eX DA + O3 + (1 - €)1,
PEbNL. CNTHEN (1.2) DEELEREBE I LHTEI,

2.1.2 —BFREBHER &IEERIE
Ty FHREREERBICLIVEMTE LI TEL, EohDRF VI v LOBESIZOWT, &
EREFBATADIBEFN NIV =T Ve, #{,

(1) FmEik
V(r)=0,B(r) =0 DBENDHBEFIIOWVWTEL 5, BEHET® Dirac Hi2zt1

(chex - k + Bmoc? )b (k) = ep(k), (2.1)

TIT, e HIANE—, k) 4T IFIDEBERA LD .

I
#9= (g ) <

e = 1/(chk)? + mZct. - (22)

Y(k) E 20D 27 1FDARZ bl wB(E), wD(k) 1251, UTICEE®RE Z,

cho - kulP (k) + mocPu (k) = eu (k),
cho - kuM) (k) — moc®u® (k) = eu (k). (2.3)

CO2RT. —FARNETIE, b9 IRBEBNICE YT, ko<,

Mk .
Plk;r) = ( cm:k ,‘E(l))(k)) ezﬁk:-'r" (2.4)

z+mygc
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iy
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Yegme—ge = 7 7 Lruty o utd (2.9)
. NN IOY
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(¢,4) TE Vimed (¢(2)) - (210)

J,o-p]|=0%DT, ¢, ¢*iIML j 2FHFLLIEER D, FRIL,

j=E+5 D58

[ () a5 (#) )
t-uti

1| o)y e Y“*z( #)

. f—ptd

if(r) 2:+3 Ye+1 (7)
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[ —g(ri/ Sty 5 () )
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wf.]—!—- = _ y
i Y ()
\ ifr)y/ st vt ) )
)
247 2 FIDITHY,
Gt _ ( cg“% cgf*_,% ) _ 1 ( VIFug \/1—1:,@)
ch Cﬁli_l V2 \/l“ﬂe.u 1+ v
212 2 L
Ugy = 7t %, (2.13) ‘
EBAL xf* = Copes) CHAY T (F)x(m) EBL L, HMHERHL. AIDEORBEAHY
b 2 Dirac AR OBRIX.
¢1
" _|¢ _ L[ g(rhxis(r) (.14
€. j=0+5,1 ¢3 r ?.f(‘!‘)xit?s'“(f') 2.
¢4

LELHBILNTES, 2HEHEj. €AEHED 2 S5 p IEEFREIZE ) 2T J ={+1
DigEid, LEl+1 D0, j=L~-LDFEHE, LL -1 HOBEERBIRESNE,
EHEFOEEMEEFD x(m)e‘hkr T EERNE ik (7) TRELIREIE.

| ko + moc? S Je(kr)x&*(#)
Yolk, mi ) = 2k % 24 fc’g;#yé“ ) ( thok3s .+ . E2sipray 0 (2.15)
0 s —m3z+zs(kr)x (7)
ks,

3} BHORNEED Dirac HFER
NINWEFZTE

H=ca-p+(B— Imec? + Vp(r), (2.16)
LT oo ANT—RT V3N Vplr) i, BHp DETFEHLICEE o ATHBLEF VY4

TH5,
HTEXEE(L,
co - pulB(r) + Vo (r)uM (r) = euV(r),
co - pul(r) + (Volr) = ulP(r) = eu®(r), (2.17)
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ThBo LRI uilr) = L), ualr) = B G (), #AT 2o
_L\I .
(0-A){c-B)=A-B+io-(Ax B), (2.18)
AV, |

o-Tr= _2_7‘_(5 - - ), (219)
FEOLD, $rio,=LT 2RETH L,
ar Xt = —y (2.20)
o x TP = e, (2.21)
K512, (0-L4+1) % xbe, X2 B &5 &,
(D- &+ 1)X o= _K'ESXS 1 (222)
(o &+ X2 = x5, | (2.23)
Bes = =2s(¢ 45+ 1), (2.24)
e, BRETHLIENTDE, LEOEKEMES &,
-V 1.4, s s '
C =YD g0 sy L A) sty (2.25)
+ -V k - 1.d Ksg
e ) T et — 2SN gy, (2.26)

I-ﬁl_i?‘ LARKFENEEEZOT, BIEFEOHEED L VWIEES® Dirac FESE. .

-V d s
=gy = A0 | sty
E+.:—V(T)f( ) = 22 dg(’”) + 5y, (227)
kb,
(4) HEFPO Dirac FER
NIWP=TU%
H=ca p+ (8- I)mgc® + Vp(r) + B, By(r), (2.28)

ET B, CITRHELIC, BHEpDETFTEALICEE o, ITH RO By(r) TR 7
RALTEEDR Ttn

Vo(r)+Bp(T)o: : o-p
H=¢ e 2.29
o v _Bv(”";""v"’],) (22
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CITH, BELT,

blr =l gs(r )st(-)
R ™) (st ) (30

TER, CIT. ELCRETD s (TRATRETHD, I T BELALELD £, g7
CAABERXZHELEEULT, j=L2+1 DAZERDDETWE, UTTHL22 L1, 0k
JIERNRES RS 5D TbR{ T2 6w, JOR%., £ATE L.

So -P@’lxe_”’“’“( )+ Z Yolr) + Bp(r)o: - EQS(T)X;“(T) =0,

s c

Xs:cr : p@xﬁ“‘(f") — Zs:[c-l- _V?’(’") + f”(’")"" X E]ifsfr) XEE2H () = (2.31)

b0 o pZEATAHTEEETHE,

5 B B0 e gty - S e0) it g oty o,

M c . 57 dr

S g ) - Sl TR E BN by g ey — o, (a3)

&

o BHBIO, BB TEET I LHFTET, HFXPBHY Lo TR, TRERIC, b, 12w
RENT T, AEAMTES L, r 2803 &,

V .ﬁ d ! '
g+ 3 2o g ryot - Hel0) 4 Bty 0y
d Vo(r) + B, .
9; 1P(v") gs, (r)—[c+ —(E)__E] Fer(r) — ”%’Q for (+)a’_*;fj »=0, (2.33)
s
< x%“ I 5’2 lexg:‘u > = 5'3’628’0-:.;;:.!
o = ( C:ép% a%‘:u—% ) = ( Utu " Imlaf“)
0'_"% i ai‘f{_ 1 —#1/1 - ufu Ugy, ,
bew = 175 (2.34)
2RI, w
Jp=ct (e=Vp() /e, Kp=—( = Vy(r)) /e LBIFIE,
gs(r) _ K Bp(r) ¢
2 = ——;i—~gsr(r) +100) + Zo g o,
f’(?') gl B,(r}
[I )+ ) s’s'] s( )+ :efs’(r)'l-‘-—fz(—)o"s;ﬁs.-g_y(f‘), £2.35)
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¢ = x5 TRALTAFITEL &, BFFAOHSD O Dirac FiERIL

g1(r) .__r*'“ Sp(r) + Etz(_r)ae_zlj.‘; 0 0
2 . : - T .
il A Ky(r) + 2ol =i Eloh 0
—_ 2 = 22 ) 5
dr | g_y(r) 0 0 - ~(Jp(r) + Belhof k)
f-4tr) Bl gt 0 Ky(r) + 22060 .
i 22 ) (2.36)

L b,

2. 1. 3 Elff5® Bloch Figx

SNH DT, Bloch BENEERE L L TRV 5, Bloch B 8(k,7) % £EE U(k;, m;r) T
REATHE.

o (k,r) Z E Ulkj, m)¥(kj, m;r), (3.1
J m=x}
kj=k+ K, (3.2)

T, Ok Kjm REREN, BUBOKE, BB MV, #HETFNS ML, AEVEEL.
U(kj,m;r) id, Bloch DR &M T L 42, APWEZET, EFELET APWER (EWtEL L
RVEE e, & L) LEOHBOFERA SR BERTRLIRES A5, APW BRI TOBEIC
LEETHE L8R FEiK.

ooy [BR +mee [ x(m) ) ik,
\Pﬂ(kji ] ) - 2E(k) (E(c:)i;i:uic X(m) H (3-3)
THWwa,

APWHATOHERIL, BISHELACR ST —BEF > v V(r). BEK By(r) % b 2B $? Dirac
By TAVT, ‘

@;(kj,m;7) = expl~ikr \/’“ J;,:'J”“ E\/_ zfzap > (Bag (s, myggl(rE)+Bg; (kg,m)«/:::f(r DL

a==+ %
gL () X (7) -

1 “P(r)xaH(+
wn=r 2 ( (250 ))’ (89)

EBE, ST, BRI MR, BEp D v EEOEF O, L.h_%"-%a’.‘%b‘(‘wao ZONE
PORPBENT PNV EAVE, ZIT, YT(rD), 4 (rD) i, FNEREE SN AN F—
e=0,0 % bOEERATHE, ZIT, RETHSH0H, BEREOIANF -, ZEREY. B
BRI BT (k,m), Boo (k,m), Ui, m) Thbo RICTHHERD B,

Tekeda and Kubler DALY, 220DR 2 2BESNATANE — ¢ =, a . Wigner-Site
N=WERWTUTOL) CEBEEOBERES P SRET 2 [ o 3 HELRE, & t RESEEICE
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At ThENRDIZANF—REFHIENIL, Dirac OIS

d(ge "P(ap £)/r)

Cf gl ”(ap: £)

Di¥er(e) =

=g — gy~ 1 36
? geu,ap(ap’s) T 59
HWT,
D (egh) = 0,
DE#E () = —c0. , (3.7)

EE(IENTE, BEAITIE, EeRETIE,
_ f1 (ap)+ g%(ap) =0 s=1/2
.*3 (ap) - EGTP (ap) =0 s=-1/2
R#ESRETIE,
=0 s=1/2

g_

LD ZRNF-DRE D, 85I gleier(r), flEoR(r) Bk E 5;
Rz, E!%%%:B > (kym), Bgt(k, m) KD D, APW RIS L BFEROBRTOEMRENE,

5=-1/2

e Nemne
L]
[o e

W= b

Uoks, m; ap) = ;(kj, m; ap), {3.8)
b,
En. ? ; -1 8u;
Pla) gy 2p(ﬂp 91 “lap) gy 2p(%) A (s, m) CE* jy(kay)
l,u., =p L’,u, P g ; 1 :2—m .
() cfy *(ap) of ; zp(ap) fe ap(‘-'lp) 92; (kjsm) | —Cg;jeﬂ(kap)k
g ;2 (ap) "'2”(%) 9 () o ‘f”(ap) Ay (B, m) 24 delkay)
_I I
Cfeuuzp(a ) cfEI—l.ZP( P) Cfenu:_fp(ap) cfil;_'fp(a’p) Aeuzp(kj’ m) Cfgmje—l(kap)k
(3.9)
Z T,
B!?(kj:m) ‘/_A (kJ:m)Y“_m*(k ) (3.10)

L), 75K (3.9) 2B T, BHILH¥TES,
Bloch B2 &(k, ) & BERH U(Kj,mir) TRMLT:L §0, BBRSLU (b m) #UT OZHR
B HRDD :
5 /Q av et (k,7)(H ~ E(k)3(k,7) = 0. (3.11)
0

bk, v) DREBZH Uk, m) TEFTDE, NYFAXF9 2 2% AL LT,
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2.2 Electronic Structure and Fermi Surface of Ferromagnetic UGe,
by Relativistic Spin-Polarized Linearized APW method

Syougo Tejima, Hiroshi Yamagami! and Noriaki Hamada®

Japan Nuclear Cycle Development Institute, Noka-gun. Ibaraki 819-1194
Graduate School of Science, Tohoku University, Sendai, Miyogi 980-8578*
Department of Physics, Faculty o_fiScience and Technology, Science University of Tokyo, Noda, Chibe 278-8510°

The band structure of ferromagnetic UGez with the space group Cmmm are calculated us-
ing a fully-relativistic spin-polarized linearized augmented-plane-wave (LAPW) method on the
basis of the 5f itinerant picture. Here, according to the Takeda-Kiibler LAPW method, the
energy-independent matrix elements of the Hamiltonian are given. The features of the heavy
electron are é.nalyzed_ in terms of the partial density of states and the cyclotron effective masses.
The Fermi surfaces consist of the hole and electron sheets in four bands. The obtained open
orbit directions are consistent with the high-field magnetoresistance and the Fermi surfaces can
explain the main de Hass-van Alphen (dHvA) frequency branches.

KEYWGRDS: relativistic spin-polarized LAPW method, electrenic band structure, Fermi surface, Density of
states, UGes

2.2.1 Introduction

Uranium compounds with 5f electrons exhibit an intermediate character between the localized
Af electron system and the itinerant 3d electron system in the trend of experiments. A degree of
hybridization of the 5f states with the conduction bands gives rise to a wide, variety of ground
states, e.g., heavy-electron metal, anisotropic superconductiyity and anomalous magnetic ordering.”
UGe; has heavy-electron features together with highly anisotropic ferromagnetism below the Curie
temperature of 52 K,1) and its physical properties have been extensively studied experimentally.

Menovsky et al.!) measured the magnetization under high magnetic fields. The easy direction
of magnetization is the c-axis and the saturated moment is 1.43 ug per formula unit. It is very
difficult to magnetize UGey along the a- or b-axes: The magnetization is less than 15 % even under
the high magnetic field of 21T. The strong anisotropy suggests the moderately localized character
of the 5f electron, namely, the large orbital moment and extended radial wavefunction of the 5f

state.
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The transport measurements provide rich information on the character of the electronic state.
The resistivity obeys a T5/3 Jaw in the ferromagnetic phase under the pressure less than about
1.5GPa., while it follows a T2 law in the nearly-ferromagnetic phase under the pressure larger than
2GPa, suggesting the Fermi liquid feature in which the electron scattering is dominated by the spin
Auctuation.®?) Onuli et al. have measured the high-field magnetoresistance and dHvA effect,®5)
and have concluded that UGe is a compensated metal and that the Fermi surface has open orbits
running along the a- and b-axes.4) The cyclotron masses are large, ranging from 2.3 mg to 24.5 mg.%
The electronic specific heat coefficient, v, is also as large as 35 mJ/mol K2.5 We can thus expect
that the 5f electrons are involved in the transport phenomena. The 5f electrons are itinerant and
contribute to form the strongly-correlated-electron conduction bands.

The band structure of nonmagnetic UGég were calculated several years ago by Yamagami and
Hasegawa on the basis of the itinerant-electron picture.”) The nonmagnetic energy band strue-
ture was obtained self-consistently by using a symmetrized fully-relativistic augmented-plane-wave
(SRAPW) method. The ferromagnetic band structure was simulated by shifting the up-spin band
-relatively to the down-spin band so as to reproduce the observed magnetic moment. The Fermi sur-
faces thus obtained have explained the main dHvA frequencies and the cyclotron effective masses.
However, the calculation was not a self-consistent one, and moreover the crystal structure was
treated as the orthorhombic structure with the space group of Cmcm like ZrSis.8)

In this paper, a self-consistent calculation for ferromagnetic UGe; is performed by using a fully-
relativistic spin-polarized version of the LAPW method. The spin-dependent potential is deter-
mined within the local spin-density approximation (LSDA) in the density functional theory (DFT).
The muffin-tin (MT) approximation is adopted, in which the potential is assumed to be spherically
symmetric inside the MT spheres (the atomic regions around the nuclei) and to be constant outside
the MT spheres. The 5f electrons are treated as band electrons which contribute to the transport.
A crystal structure with the space group Cmmm is assumed, which is recently determined by the
X-ray and neutron diffraction.?

A fully-relativistic spin-polarized calculation!!) already has been performed using the LAPW
method of Andersen.!? Adopting another LAPW method proposed by Takeda and Kiibler,12-14) we
get the energy-independent matrix elements in eigenvalue problem and calculate the band structures
for ferromagnetic UGe;. The electronic specific heat coefficient «, the magnetic moment, the density
of states (DOS), the cyclotron effective masses and the dHvA frequency branches are calculated.
Comparing the theoretical with experimental results we discuss the 5f electric properties.

In §2, a fully-relativistic spin-polarized LAPW (RSPLAPW) method is given with the Takeda
and Kiibler scheme. In §3, the calculated results are shown, and these results are compared with

experiments. Finally, the results are discussed in §4.
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2. 2.2 Formulation

We construct the formulation of the energy band calculation based on the RSPLAPW method.
In this section, only different points between this paper and the ref.11 are described. The more
detailed expressions of the RSPLAPW methoed can be seen in ref.11.

In augmented-plane-wave (APW) method, the space of the primitive unit cell is partitioned into
inner regions of MT spheres and the interstitial region outside the MT spheres. In the interstitial
region, the one-electron potential is constant, and the basis function is the relativistic plane wave
function (RPWF).16) Inside the MT sphere, the potential is spherical, and the basis function is an
energy dependent solution of the Dirac equation in the spherical potential. In the LAPW method,
the energy-dependent radial wave-function is replaced by two energy-independent functions, which
leads to a linear eigenvalue equation. There are two types of the linearized method. In the original
method of O. K. Andersen,’®) the basis functions are made of a radial wave function at a fixed
energy and its energy derivative. An alternative method of Takeda and Kiibler!® %) uses two radial
wave functions at different energies, E1 and E2. In this paper, we adopt the Takeda and Kiibler
method for a spin-ﬁolarized calculation.

Inside the v-th MT sphere belonging to the p-th kind of atom, we express the basis function for
a given wave vector k; and a fixed spin component m (=+1/2 or -1/2) as

Ti(kj, m; T} = exp[—ikT]ap g +"”°°22v amity Y (Ber(ks, m)wgr (r5)+BgE (ks m)ywge (r2)) ,
M a—:}:._
(2.1)

where ap is the MT radius, k; the wave vector as k; = k+K;, k the wave vector in the first Brillouin
zone, K; the reciprocal lattice vector, 7% the location of v-th atom, 7 the position vector measured
from 7% (k,,m) and B (kj,m) the expansion coefficients. The four-component functions,
Yo (7) ancl 'gbz‘:’(r), are the solutions of the spin-polarized coupled Dirac equation (SPCDE)!®) for
the two energies, E‘Zf and EZ’: . They are expressed using the large component gé°?(r) and small

component f&i2(r) of the relativistic radial wave functions as

Emap f;u #
CHORED I (AN 22

r 2 \igger(ryon )

where x4*(#) is the normalized spin-angular Function.
As a choice, we use the idea of the Wigner-Size rule to determine the fixed energies ng and

5?5.12'14) Introducing the Dirac logarithmic derivative function!® as

Cps;eep '
Diior (o) = ap—__f (25i€) +2s(€+ s+ 5y 1, (2.3)

ggﬂ,mp(ap, E) 2)

we determine the a-labeled energies, Ee/ P and se_“l /% , at the bonding state energy for the diatomic
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molecule by the condition of fo“‘?(sgf) ={:

Eust 47h 7
oy P agieih) + & 9y Flagiedl) = 0 s=1/2,

fui—3p ip e+1 Eu, i (2.4)
€.y (apieg,”) — - ap (amEzp =0 s=-1/2.

1/2p —1/2p

The other &:labeled energies, gy, and g, '™, are determined af the anti-bonding state energy for

the diatomic molecule by the condition of Dﬁ“?&P (eff) = —00:

“’2”(%, ”) =0 s=1/2,
2

fu;
g._ “1 2p(“?:£8y. )=0 s=-1/2.

(2.5)

Next we obtain an expression of the energy-independent matrix elements of the eigenvalue equa-
tion for the RSPLAPW method. The eigenfunction is expanded as

q»(k T) \/_Z > Ulks, m)T(kj,m;r) . - (2.6)

i m=£1L
The coefficients U(k;, m) is determined by the variational principle:
f
§ f drdt(k, r)(H — E(k))3(k,7) =0 . (2.7)
o)

So, the coefficients U (k;, m) and the eigenvalues E(k) are obtained by solving the following linear

eigenvalue equation,

Z };[Hg?“ — E(k)OTMU (kjyn) =0 , (2.8)
with the Hamiltonian matrix élements,

Hp" = é /Q dr¥t (i, m, 1) B (kj,n,7), (2.9)
and the overlap matrix elements,

op = % fn dr ¥t (ks m, )T (kjm, 7) (2.10)

The explicit expressions of the matrix elements H™ and Of}™ are given in Appendix. Note that the
forms of these matrix elements are different from that of the ref.11. In this method the eigenvalue

problem becomes symmetric and simple.

2. 2.3 Theoretical Results

UGe; has a c-base-centered orthorhombic crystal structure with two formula units in the primitive
cell, as shown in Fig. 1. Table I lists the experimental data for the crystal parameters used in this
calculation. In this structure, the number of Ge atoms around the U atom is 8. In the ZrSi,
structure, which has been used as the crystal structure of UGe; in the previous calculation ref.7

the space group is Cmem and the number of Si atoms around the Zr atom is 6.
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The MT radius is determined as the maximum value, unless the MT spheres overlap each
other. The Ge MT radius is given by the half of the nearest Ge-Ge distance, i.e. Rge =
var/4+ (1 - 4y,)?b? = 2.50725 (a.u.) and the U MT radius is given by Ry = /a2/4 + 32262~ Rge
= 3.01485 (a-u.). Valence electron configurations are 5f°, 64! and 7s* for the U atom, and 45 and

4p? for the Ge atom. In the self-consistent calculations, the 6p closed-shell electrons of the U atom
and the 3d closed-shell electrons of the Ge atom are also treated as valence electrons.

"The eigenfunction is expanded with the spherical harmonics up to £;,4.=6 inside the MT sphere,
and with about 500 relativistic plane wave functions. For the local spin-polarized exchange-
correlation potential, the analytic form of von Barth and Hedin is used.?¥

During each self-consistent iterative cycle, the new charge and spin densities are calculated by 6
k sampling points. After the convergence of the self-consistent calculations, the eigenenergies are
calculated at 693 k points in the irreducible Brillouin zone. In order to evaluate the DOS and the
Fermi surface, eigenenergies thus calculated are further interpolated in the k space. The DOS is
calculated by the aid of the tetrahedron method.1™:18) Perspective pictures of the Fermi surfaces
are drawn by use of Yanase’s "TPERSP” code.

Figure 2 shows the energy band structure for ferromagnetic UGes along the symmetry lines in
the first Brillouin zone. The total DOS and the partial DOS projected into the angular-momenta
at the U and Ge sites are drawn in Fig. 3. The Fermi energy Ep is shown by a dashed line at 0.4866
Ry. The energy is measured from the interstitial constant potential. The U (6p) and Ge (4s, 3d)
valence bands are located at lower energies out of the 'Figure: the Ge (3d) bands are around -1.48
and -1.44 Ry, and the U (6p) bands, split by the spin-orbit interaction, are around -1.40 and -0.75
Ry. The Ge (4s) bands are located between —0.4 and 0.1 Ry with a large band width.

The U (51, 6d) and Ge (4p) bands are hybridized near the Fermi level in Fig. 3. The U (6d) and
Ge (4p) bands are very much dispersive, and the spin-orbit splittings for thdse states, therefore,
make no particular structures in the DOS. The role of the spin-orbit splitting for the U (5 f) states
is crucial near the Fermi energy. The peaks of the DOS for the 575 /2 and §f7/9 states are separated
by about 0.1Ry. The local maximum of the DOS exists at Ep, and the bands around Ep are made
mainly from the U (5fs/,) states.

From the total DOS at Ef, the theoretical electronic specific heat coefficient, “Yband, iS estimated
as 22.4 mJ/mol K%. The experimenta] value Yexp Was measured as 35 mJ/mol K2.5) Therefore, the
enhancement parameter defined by A = «Yexp/Vpana— 1 is given by 0.56.

The DOS for the up-spin states, Nt(¢), and for the down-spin states, N|(¢), can be obtained by
the relationships of Ny(¢) = (N{(e) + M (€))/2 and Ny (g) = (N (e) — M(£))/2 in the Fully-relativistic
spin-polarized scheme, where N (<) and M(e) are the DOS of the charge and the spin-polarization,
respectively. Figure 4 shows the up-spin and down-spin DOS projected into the angular-momenta
at the U and Ge sites. As for U (5f) states, the down-spin DOS has a peak near the Ep, while
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a peak of the up-spin DOS appears at the 0.1Ry higher energy. The up-spin 5f states are almost
unoccupied. ,

Inside the U MT sphere, the spin magnetic moment ug and the orbital magnetic moment yu, are
calculated as ug = 1.74 pp and pp = 2.16 ug, respectively. Since those directions are opposite,
the total magnetic moment is 0.42 up inside the U MT sphere. In spite of the quite large spin and
orbital momenta, the opposite signs lead to a small total magnetic moment. The total magnetic
moment almost corresponds to the magnetization per U of the whole crystal because the f electron
is almost localized inside the MT sphere and the crystal has no other states responsible for the
magnetism. The value of 0.42 ug may be compared with the experimental magnetization of 1.43
up/U. Y The calculated total magnetic moment is smaller than the experimental value.

Figure 5 shows the energy band structure in the vicinity of Er. Four bands cross the Fermi
level, which are the 79th, 80th, 81st and 82nd bands. Figures 6 and 7 show the hole sheets of
the 79th and 80th bands centered at the T point, respectively. The 79th band makes closed hole
sheets. The hole sheet from the 80th band is connected along the a- and b-axes, thereby producing
the open orbits along the a- and b-axes. Figures 8 and 9 show the electron sheets of the 81st and
82nd bands centered at the S point, respectively. These electron sheets cause open orbits along
the b-axis. These directions of open orbits are consistent with the transverse magnetoresistance
measurement.?) Take notice that from the magnetoresistance-saturation results of figs. 1(b) a.r:ud
3(b) in ref.4, they concluded that the open orbits are formed along the a- and b-axes.2®)

From the information of Fermi surfaces, we analyze the observed angular dependence of dHvA
frequencies and cyclotron effective masses. The dHvA frequency F is proportional to the cross
section A of the Fermi surfa.ce in the direction of the normal to the magnetic field, ie., F =
(chi/2rne)A. For UGey, it leads to the relation F(Oe) = 2.57337 x 108 A, where the unit of 4 is
(2 /a)*(= 0.68787 a.u.). In Fig. 10, the dHvA frequencies are plotted as a function of the magnetic
field direction. Theoretical frequencies are shown by solid lines with alphabetic letters, to which
corresponding orbits are shown in Figs. 6-9. Experimental frequencies are shown by open circles.5
In Fig. 10, the main dHvA frequency branches around the b-axis originate from the orbits b and ¢
on the 81st electron sheet. The cyclotron effective masses of the branches b and ¢ are calculated
as 13.5mg and 19.6myp. The measured effective masses corresponding to the branches b and ¢ are
14.3mg and 24.5mg. In ref.7, the cyclotron effective mass is calculated as 18.8mg in the b-direction.
The main dHvA frequencies are well explained by the RSPLAPW or RLAPW method” based the
LSDA for UGe;. But smaller frequencies are not accurate enough to give a detailed correspondence

between the theoretical and the experimental frequencies.

2. 2. 4 Discussions

The relativistic band structure for ferromagnetic UGe; have been calculated by the Takeda-
Kiibler-type RSPLAPW method based on the itinerant-electron model for the 5f electrons. The
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characteristic properties of the heavy-electron system such as the large cyclotron effective masses
and the large electronic specific heat coefficient vpanq are obtained. Specially, by the spin-orbital
interaction, the 5f states of U are split into 553 and 5f7/, states and the DOS of the former state
making the local maximum at Er becomes to the origin of the large vian4d -

We have obtained the Fermi surfaces. The obtained open orbit directions are agreement with the
magnetoresistance results. We have explained a part of the experimental dHvA frequency branches
and cyclotron effective masses in terms of the Fermi surfaces. However, the Fermi surfaces are
not accurate enough to explain all the experimental dHvA frequencies. This discrepancy is closely
related to the failure in the quantitative estimation of the magnetization.

The U site has the large orbital and spin moments. Since the directions are opposite, the obtained
total magnetic moment takes a small value, which is smaller than the experimental value. This
theoretical result is qualitatively correct. The cancellation between the orbital magnetic moment
and the spin magnetic moment is an important feature of U compounds in general. But we suspect
that the orbital magnetic moment may not be calculated quantitatively in this LDA calculation.
For other magnetic uranium compounds such as monochalcogenides US, USe and UTe, the LSDA
calculations produce small total magnetic moments.tl 2527 Quyr relativistic band theory based on
the LSDA probably underestimates the orbital moment. The orbital moment is very sensitive to the
degree of the localization of the f states. Since the LDA calculation tends to delocalize the electronic
states, the orbital moment is underestimated and the magnetization is thus underestimated.

As for the paramagnetic uranium compounds UC,2%) UB153% and UB,,2") the Fermi surface
calculated by the RSAPW method or fully-relativistic LAPW method within the LDA have given
good agreement with the observed dHvA frequency blanches. The appearance of the spin magnetic
moment complicates the ground state. For improving the LSDA ground state in the magnetic
system, it might be necessary to add an orbital-dependént correction, for example, via an additional
effect due to the orbital polarization,®® or through an LDA+U approach®®) taking into account
the orbital dependent potential. The better treatment of the orbital moment is a main issue for

further progress in the magnetic f electron system.
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Appendix: Explicit Expression of Matrix Elements

As the explicit expression of HJ", we have the following form:

A.° Na e Pa 4ral
HE™ = (ki kj)dij ~ ——2 Zs{;cf;+ (Vo+2mBo)(6i5— Y SECEYomn + 3 —Q—?-S%Hfj(m{n),
p=1 r=1

(A1)
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where
t 58:m A8
Hi(m,n)=3Y.>" > BT (i, m) BYE (kjym) B2 P62 + BF " (s, m) B2 P (kj,n)EGPe0w
& B a= -é-ﬁ:;h%
+ B ks, m) BP(ks,n)Eg, g "‘ﬁ=”+3 (k,—,m)Bff(kj,n yesde) (A-2)
and
ﬁp
afp _ Eeu + E .
Eg ——-—2 , (A-3)
Tp
SE = expliky - 78] , (A-4)
v=1
4mra? § (kizap)
P _ p J1{%4i0p .
Ch = —> vl (A-5)
. ap
e07 = [ ar[452) ‘oE0) (4:6)

Here V} is the constant potential and By the magnetic field in the interstitial region, Eff P denotes
the average of two energies, Sfj the structure constant, j1(z) the spherical Bessel function of order
1, and ky; = k;j—k;. The coefficient Eg‘f ¥ is the overlap integral of the radial wave function between
o and [ concerning with the same state £ and 4 in the center of the p-th atom. It can be simplified

with the Green's theorem as

f?f;p = Y- (98P (ap)cfHiFP(ap) — cf i ‘“p(ap)gﬁ” PP (a5)) (A-T)
o s=+1

On the other hand, O.}’J”-m can be expressed by,
' Ng .
OF™ = (8i5 — % 51505 )omn + Z ”S” O%(m,n) , (A-8)
=1
with
1 apt
Oy (m,m) = ZZ > 30 IBEE (ki m)BE (ki m)Eet® + BT (s, m) BEE (g, m)ége?

B o=tif=+1

+Bep ki,m)ng( i M)E?f "+ By " (i, m) B ks, m)G] (A-9)
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Table I. Crystal parameter of UGea used in the calculation.

Crystal Structure ThGe;
Space group Cmmm
Position, U (0, £11,0) 31=0.1409
Ge (0, y2, 0.5),(0, 0, 0.5),{0.5, 0, 0) y>=0.3076
Lattice constant, a T.57572 a.u.
b © 28.51389 a.u.
c 7.73843 a.u.
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Fig 1. Crystal structure of UGe,. Spheres with and without

a pattern show the position of the U atoms and the Ge atoms,
respectively. |
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Fig. 2. Energy band structure of UGe,.
EL shows the Fermi energy.



JNC TY8400 2001-001

150
N
~ 100
g
e
<
8 50
s
L)
1)
= o
V]
ks
o 5
Z 0
[
A

10

O o

0.1 0.2 0.3 0.4 0.5 0.6 0.7

Energy(Ry)

Fig. 3. Total and projected density of states for UGe,.
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Fig. 4. Density of states for up- and down-spin states.
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Fig. 5. Energy band structure for UGe, in the vicinity
of the Fermi energy. The labels 79-82 stand for band number.
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[100]

Fig. 6. Hole sheet of the Fermi surface for the 79th band.
The center is set at the T point in the Brillouin zone.
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Fig. 7. Hole sheet of the Fermi surface for the 80th band.
The center is set at the T point in the Brillouin zone.



JNC TY8400 2001-001

I e
FEEERIEIVEIITL,

[100]

IR

FIEIIFTITENIS,

Fii

Fig. 8. Electron sheet of the Fermi surface for the 81st band.
The center 1s set at the S point in the Brillouin zone.
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Fig. 9. Electron sheet of the Fermi surface for the 82nd band.
The center is set at the S point in the Brillouin zone.
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Fig. 10. Theoretical and experimental frequencies
of the de Hass-van Alphen effect for UGe,
as a function of the magnetic field direction.
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