Unkonventionelle Supraleitung WS 05/06
Losungen zur Serie 8

The generalized BCS theory with the Zeeman effect.

8.1 Let us consider the following Hamiltonian for a superconductor under a magnetic field,
H:H]gcs—i—Hz. (1)

Hpcs is the same as the Hamiltonian in the problem 4.1 in Serie 4 (the notations are also

the same):
Hpcs = chigkcka (2)
k
- 1 f 5’ A Ckl
011 = (C% C]Tgl? C—k1y C—k| ), €k = 2 ( Zko —5:50> , Cp = CT—m . (3)
CT
—k|

The Zeeman term Hy is written with the Pauli matrices & and the magnetic field H as

Hz = —usB Z 0231(58182'ﬁ)ck82

k,51,82

= —up Y |G - H)ehporr + (G, - H)elyer, + (F1y - H)el ey + (51, - H)elex)]
k

ILL 5 — 5 — 5 — - —
= =23 (G- H)elyon + (11 - H)clyery + (617 - H)elyony + (1, - H)el x|

Z[(gTT H)elyyeopy + () - H)elyyeop + (617 - H)elyeopg + (61 - H)el e
k

(4)
(5)

kl}

(6)
KB - 7 -, = o = o -
= 5 (@11 - H)chyewr + (F1, - H)lyon, + (311 - H)elew + (31 - H)eler)]
k
UB o = o =
-5 S [(G - HYA = coprel ) + (G - H) (—cpel )
k
+ ()1 H)(—coppel ) + (@), - H)(1— c—k’lcT—ki)} (7)
HB ~ 3 - = o = R =
= -5 (@11 - H)ehyerr + (F11 - H)elyowr + (G, - H)elyen, + (31 - H)elex)]
k
KB = 3 o = o T o T
+5 > |@rr - H)eowel iy + @G- H)eogiclyy + @1y - H)ewrely, + (51 - H)eopely |
k
UB o 3 o =
~ 5 2[(@ - )+ 3y - H)] (8)
k
— BNy Bl + Gy - B (G - el + 3y - Bl ) (0
5 2. (@ H)ehy + (@ - H)ely, (T Helg + (01 - H)ey )
k
HUB . - S = 5 — 4 — CT_kT
+ 5 2 (@ - H)eow + (G- H)eowy, (G- H)eowy + (G- H)eory) ¢y
k —
UB o 3 o =
~ S 2 |@n - H) + (@ H)] (9)
k



2 L Ckl C_kl
B - = o
~ 5 2 |@n - H) + (@ - H)]
k
Then,
1 7. H 0
Hy =S ol (Trle ) 0 (12)
k —
w2 0 ps(cd - H)

where we have omitted the c-number term (i.e., the last term in Eq. (11)).

Hence,
H = Hpcs + Hy, (13)
1 /&oo A 1 (—pp(c- H) 0
CT(’“O ’i>0+ CT< oo oy (14
Z Al —=&bo) " Z 0 up(@ - H)) " (1)
1 SkUO_UB(é'H) Ay )
= Y ci= ( A ) T o= | C 15
Z AL —(kao—MB(U H)) ’ ( )
Ty A
- sa(y o o
= Zc,ig;(}k, (17)
k
where
Ty = EkOo — MB(é' ) (18)
~ . AT —
Ty, = &roo — MB(U ) H)- (19)

Here, Tl,_k = le and T2,—k = TQk because £ = &,. One can also confirm easily that
T;k = le because & and H are real.

Let us diagonalize it as in the problem 4.1. By the unitary (Bogoliubov) transformation
kaa

B o= Y (Clu) (Ul (i)

%
= Y ALEAL (20)
k
where
UlelU, = E, (21)

Ay = UlC,. (22)

(10)

(11)



From Eq. (21),

The left hand side of this is

(4]

1
2
1
2

The right hand side is

Therefore, from &,U;, = U Ej,

1 (leuk + Akv k

2 AJ]L’lLk — TQkU L

We obtain the four equations,

(3

le A > < Uy Vg )
leuk + Ak’U k
Akuk — Tgk’U k

levk + Aku L
A;ka Tgku k ’

Aldy, — Toypti* 2 { '

Ty, + Apd?), = wEy,
Tuop + Agt*, = —0xF_y,
A;Lﬁk — TQk@ik - /&ikEkn
Alby, — Tyttt = —a*,E_y
From Eq. (31),
Alay — Topd*, = 0%, By,
— Ty ii—A i, = —0iE_,,  (k— —k)
a Ak A T TA 0N n r r A A T
— Tgkvk + (Ak) U_ = _UkE—k> (TQ,—k’ = Tgk and A_k = _Ak)
— TQk@Z + AZﬂ_k == —@kE_k,

This is equivalent to Eq. (30), namely Eq. (31) is equivalent to Eq. (30).

From Eq. (32),

At . e A
Akvk’ — Tgk’u_k = _U_kE—ka
A At N
— Topu® , — Aoy = 0 By,
— Dy — Ao, = B, (k— —k)

3

(24)

(25)

(26)

(27)

(28)



. P A . . R N
— Tgkuk + (Ag) Vg = Uk,Ek, (T27_k = Tgk and A_k = —Ag)

— T2kalt+Alt@—k = UkEk,
— Tyl 4+ A", = B (T3 =Ty
This is equivalent to Eq. (29), namely Eq. (32) is equivalent to Eq. (29).
Thus, we obtain the two independent equations [Eq. (29) and (31)],

Tipiie + Mgy, = By, (47)
Aldy, — Ty, = 0" Ep. (48)
Multiplying Eq. (47) by Al from the left gives
Al Tty + A A", = AlagEy. (49)
Assuming the singlet state or the unitary triplet states AyAl = ATA, = |A,[260,
Al T + | Ag)20%, Al E,. (50)
- 1 L P &
— %y, WE k(UkEk - leuk), (51)
where |Agz|? = %Tr[AkAL]. Substituting this 9*, into Eq. (48),
Al — Top—s (ﬁkEk - leﬁk) S (ukEk - leuk) Ey, (52)
|A 2 |Axf?

— |Ag |4y, — ApTorAlL (ﬁkEk - leﬁk) \Ak\2(ﬁkEk - leﬁk)Em (54)

(0,0, H.) || 2. Then,

From now on, let us assume H =

T, = T, = Ex00 — ppH.6.. (55)

We also assume
0 z
< 0 u% —ui /)’ (57)
Then,
o . ul + u? 0 E 0 ) . . .
ukEk — leuk = < k 0 k u% _ ui) ( ]6’+ Ek’_> — (gkO'O — MBHZUZ)(ugUo + ukaz)
(58)
(up + uj) Er + 0 0 2\ A . 0 ~
< 0 (Ug _ UZ)Ek,—> - ((gkuk - ,U/Bquk)UO + (gkuk - :U’BHZuk)O-Z)
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(59)

_ <(ug + uf) By, + 0 >
0 (Ug — Ui)Ek,—
B ( (Erup, — ppHuf) + (§puf — psHouy) 0 )
0 (&up — psHouf) — (§ruf — ppH.uy)
(60)
_ <(UQ + uf) By, + 0 >
0 (u —ui) By
_ <(§k - MBHz)ug + (fk - /J“BHZ)U’Z 0 ) (61)
0 (& + psH.)ug + (=& — psH.)uj
_ <(ug + uf) By, + 0 >
0 (Ug — Ui)Ek,—
0 (up — uf) (& + usH.)
_ (u% + uj) (Ek,+ — (& — ,UBHz)) 0 (63)
0 (up, — Ui)(Ek,— — (& + MBHz))
_ (R up)en s 0 )
B ( 0 (u) — ui)eg,— )" (64)
And,
A T~ _ - A~ ~ o (ug + uz)€k7+Ek7+ )
(UkEk leuk)Ek = ( 0 (u% _ UZ)€k,—Ek,— . (65)
Let us consider Akiﬁgk
ATy = AT (66)
= (W60 + do6y + dy, + d.6 )6, (k60 — ppH.0 ) (67)
= (Wi6, — du6. + idyo + d.0 ) (§60 — ppH.0-) (68)
= &(Wio, — dub. + idyGo + du6) — ppH.(—W6, — dpbo + idy6. — id.6) (69)

= &(Wio, — dub. + idy60 + do62) — ppH.(—V(i6.6,) — do(6262) + id 6. — id

= &(Vio, — du6. + idyoo + du6y) — ppH.0(—
= &(Wio, — dut. +idyG0 + do62) + ppH.6. (Wic, + dob. — idy 6o + 6 )
= kak + ugH.o, (\If —d,6, —dyo, +d O'Z) 0y
In the case of the singlet state,
ApTor, = &(Vi6,) + ppH.6.(Vic,)
= (&00 + psH.0.)(Vid,)

= (&0 + psH.0.)A,.
AkT%Al = (&00 + ,UBHza—z)AkAITc
= (&60 + ppH.6.)| Akl

0 §k — ppH,

U(i6,) — dot. + idy G0 — id.(—i6,) )



AT AL (2B — T + pusH. 0 up + uj)e 0
AkTgkAl(UkEk _leuk) = |Ak‘2 <§k HB ) (( k k) k,+

0 & — upH, 0 (uf — ui)ey -
_ |Ak‘2 < (Ug + uf) (& + MBHz)gk,Jr 0 )81)
0 (up — ui) (& — ppH. )k -
Therefore, considering Eq. (54):
[ Al — Ay T A (ﬁkEk - leﬁk) = |Ak‘2(akEk - leﬁk) E, (82)

we obtain two equations
‘AkP - (fk + ,UBHz)gk’J,- = 5k,+Ek,+, (83)
AP — (& — pH.)er,— = ep,_Ey . (84)

— A = (& psH) (Bry — (& —ppH.)) = (Bt — (& — psH.)) By, (85)
AK? = (& — psH.) (Br - — (& + psH.) = (Br- — (S + psH.) B (86)

— |A[? = (& + psH.)Ep o + & — (usH.)? = E, — (& —psH.)Ery, (87)
|A]? = (& — psH.)Ep— + & — (usH.)? = E{_ — (& +psH.)Er—.  (88)

- EI%,-i- +2ugH Ey 4 — (f;% + |Ak|2 — (,UBHz)2) =0
B} —2ppH. By — (& +|A? — (upH.)?) = 0. (90)

The solutions are, respectively,

B, = —ppH,+\/&+|A? = —usH, + Ey, (91)
Ek7_ = ,U/BHz + \/5]% + |Ak‘2 - MBHZ =+ E0k7 (92)

where we have defined

Eor = &2 + | Ag]2. (93)

One can assign the above four values to the four eigen values (i.e., the matrix elements of
Ek) as follows. (‘A_k‘ = |Ak|, and thus E()’_k = EOk’)

B, 0 0 0
- 0 E _ 0 0
2 I —E., 0 (94)
0 0 0 —F_j
Eor, — psH. 0 0 0
_ 0 Eor + pH. 0 0 95)
0 0 —Eox + s H, 0
0 0 0 —FEor, — upH.,



In the case of the unitary triplet state with d, L H, (i.e., d = (d,, dy,,0)), from Eq. (73),

ATow = &Ay — ppH.6.(dyo, + dy6, )6, (96)
= kak - MBHz&zAk (97)
AvTnAl = (&60 — psH.0.)ALA] (99)
= (&60 — ppH.6.)| Av|*. (100)
— upH 0
A 0 Sk + psH, (101)
AT AT(n B\ o (& — HBH: 0 >((U2+Ui)5k,+ 0 >
ArTorly (ukEk leuk) = ] < 0 §k + uBH. 0 (uf — ui)er, -
(102)
= AP <(U2+Ui)(£k — psH:)ek + 0 > ‘
0 (up — ui) (& + ppH. )k -
(103)

Therefore, considering Eq. (54):
Akl iy, — AT AL (i By — Tiinn) = | Al (s By, — Tawitg ) By, (104)
we obtain two equations

|Ak‘2 - (gk - MBHZ)gk,-i- = ep+Lk 4, (105)
‘AkP — (& +pupHy)er - = ep_Ejp_. (106)

= AP = (& = psH) (Bry — (S — psH.)) = (Ery — (& — ppH.)) By 4,(107)
|Ak)? = (& + MBHz)(Ek,— — (& +psH,) = (Ek:,— — (& + psH.)E) . (108)

— |A]? = (& — ppH.) By + (& — ppH.)? = Ef ., — (& — psH.)Ey 4, (109)
|A]? = (& + psH.)Ep - + (& + psH.)? = Ei_ — (& + psH.)E, . (110)

- Elz,-i- = (& — MBHz>2 + |Ak|27 (111)
B2 = (Gt ppH)+ AP (112)
We define
Eli_,-k = \/(gk - MBHz)2 + |Ak|27 (113)
Bt = (& + psH)? + A2 (114)



Thus, we have obtained four eigen values (i.e., the matrix elements of E},) as follows. (|A_y| =

Er. O 0 0
_— 0 FE_ 0 0
E, = 0 0 B, 0 (115)
0 0 0 .
Ef, 0 0 0
B 0 E- 0 0
|l o 0 -—-Ef 0 (116)
0 0 0 —Ep

In the case of the unitary triplet state with d || H, (i.e., d = (0,0,d.)), from Eq. (73),

ATy = &Ax+ ppH.6.(d.6.)i6, (117)
= (%060 + peH.0.) Ay (118)
ApTop AL = (660 + ppH.6.) AvA] (119)
H 0
2 0 §k — B H, (121)
AP ATl F e\ A2 (kT e 0 )((ug+UE)€k,+ 0 )
ATally (ukEk leuk) = 1A < 0 & — ppH, 0 (up — uf)ex, -
(122)
_ |Ak‘2 <(u2+uz)(£k+ﬂBHz)5k,+ 0 > )
0 (up — ui) (& — ppH. )k -
(123)
Therefore, considering Eq. (54):
| Akl iy, — AT AL (i Ex — i) = | D) (i1 By, — Tagiig ) i, (124)
we obtain two equations
|A)* — (& + psH.)ens = exs By, (125)
|Ak‘2 - (fk - ,UBHz)gk,— = gk,—Ek,—' (126)
- |AR® = (& + MBHZ)(Ek,Jr — (& — ,UBHZ)) = (Ek,+ — (& — MBHZ))Ek,+>(127)
A2 = (& — ppH.) (Br - — (& + psH.) = (Bio = (& + ppH.) By, . (128)
— |AR)? — (& + psH.) By y + & — (upH,)* = E,er — (& — psH.)Ey 4, (129)

|Ak|2 - (fk - IUBHZ)E]C,— + f;% - (,UBHZ)Q

Ef _ — (& + psH.)Ep . (130)



— Bl +2H.Epy — (+ A — (usH.)?) = 0, (131)
B} —2ppH. By — (G + A — (upH.)?) = 0 (132)

The solutions are, respectively,
Ek7+ = —/LBHZ + \/5;% + ‘AkP = _MBHz + Eok, (133)
Ek7_ = NBHz + \/5,3 + |Ak‘2 = ,U’BHZ + Eok, (134)

where we have defined

EOk = ”61% + ‘AkP (135)

One can assign the above four values to the four eigen values (i.e., the matrix elements of
Ek) as follows. (‘A_k‘ = |Ak|, and thus E()’_k = EOk’)

Eo. 0 0 0
N R ) 0
E. = 0 0 —E.. 0 (136)
0 0 0 —E,_
Eor — psH., 0 0 0
B 0 For + s H. 0 0
- 0 0 —Eg + upH. 0 - (137)
0 0 0 —Fo, — upH.

The result is quite the same as in the case of the singlet state.

In summary:

e In the singlet state, FEj 4 = /& + |Ax]? F upH..

e In the unitary triplet state with dl FI, Eyy = \/(Sk FusH.)? + | A%

e In the unitary triplet state with d || H, Ejp. = /€2 + | A2 F psH.,
which is the same result as in the singlet state.



8.2 Let us consider Eqgs. (47) and (48):

~

A A~k
leuk+Akv_k = ukEk,

At a I 7
We assume
~ o 0~ 2 A
Up, = Up0g+ U0,
_ <u2 + uj, 0 )
- 0 z .

From Eq. (47) (i.e., Eq. (138)), we obtained Eq. (51):
1

Using Eq. (64),
Loy ((ud +ui)e 0
~ % o t k k)<k,+
o= (U0 g
I L4 /e 0
- ()
IALZTFN 0 g )t
1
= — Az i
|Ak|2 kgk,—i- Uk
. I X
- Uk = WA—kg—k,+—u k
1 A A ~ 5k
= |Ak|2(_ k)gk,—i-—u—k
-1 - R ~
= MAkath_u_k.
o —l o Ad
— Uk = wu_kﬁ'kd__Ak.

On the other hand, because Uy, is a unitary matrix,

i = 00
~ A~ ~ Ak
B (Uk Uk) U£ U—Tk
o, ) \ o art
B (uk vk> al 0T,
o, ) \ ol Al
o wal +aof ol + opal,
ol ar ol 007, + a4t al,
Thus,
At A
Uy, + UpU;, = Op,
ol 40,00 = 0

(138)
(139)

(140)
(141)

(142)

(143)
(144)

(145)

(146)
(147)

(148)

(149)

(150)
(151)

(152)

(153)

(154)
(155)



Substituting Eqs. (145) and (149) into Eq. (155),
1

. -1
———Alg ] +a Ep Al =0
+—Uk —kEk+—
|Ak|2 k k k|A |2 k )
— Al il Ay — i i = 0
kEk,A-ULU Q) — U_pU_kEf 4 = U,
AVE
k
e S Y ‘A
- U_pU—kEk+— = JAVRCI NI 17X 1} WAV

|Akl?

Substituting Eqs. (148) and (149) into Eq. (154),
. 1 . -1 % .
uw% <|A PAkakJr u* )(wu_kgk,Jr_AL) = 0y,

1

A |4Ak5k+ (@ yi_wéri— )AL = 6o,

— ﬂkuL

. 1 1 .. L ) A
- ukuL |Ag \4Ak5k+—<MAL%+—UW£A1€>AL = 0y,
noat 1 . A
— ukuk + W(Akgk’+_Ak€k +—)ukuk = 0y
k
Here,
Wl = (udbo +uie.)(ud 6o + uis.)
= (lugl® + [uf|*)d0 + (wRui™ + ujup)o..
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(156)

(157)

(158)

(159)

(160)

(161)

(162)

(163)
(164)



In the case of the singlet state,

i (0 =W\ [eps O )
Alg,, = < v o ) ( i (165)
B 0 —\I/z%_)
_ ( v, 57). (166)
A AT 2 o Ek,+ 0 0 —\Il;zgk’_ )
Bl = (5 . ) (wie 6 (167)
o 0 —\If;z&g,_;_&?k’_)
_ ( . : . (168)
A A At a . 0 ‘I’k> < 0 —\1126k7+€k7_)
Akgk,—l-—Akgk,-‘r— = < —\Ifk 0 ‘I’Z€k7+€k7_ 0 (169)
‘\Ijkng +E€k,— 0 )
_ +EE, 170
< 0 |0y |%er ek — (170)
= ‘\Ifk‘2€k7+€k7_a'0 (171)
= ‘Ak‘2€k,+€k7_a'o. (172)
Substituting this into Eq. (162),
. 1 .
uku£ A |2€k +Ek uku,t = 0o, (173)
Ek4E -
i = [1+ 26 174
U Uy, [ + A2 ] 0o (174)
1 \7! -
= <w> [|Ak‘2 + {Ek,—i- — (& — MBHz)}{Ek,— — (& + MBHz)}] o
(175)
- 1
= A2 |Ak|2+{E0k—§k}{E0k—§k}1 &0 (176)
. o
= |ARP[|Akf + & + B3 — 2Eonék] 6o (177)
- -1 .
= A _2E02k - 2E0k§k] 0o (178)
| Ag? )
2Eox(Eor — &) ° (179)
W[ .
2Eok(Eow — &) (180)
U2 (E
_ \Wil*(Eor + &) 5o (181)
2E0k(EOk — &) (Eok + &)
U |2(E
2FEo(E2 )
|02 (EOk + €k) R
_ 183
Eor + &k .
= —— 0. 184
2Pbon O (184)
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From this and Eq. (164),

(upui* +uju’) = 0, (185)
Eor, + &k

z|2
lup)® + |uj 2 For

(186)

Assuming v} = 0 and u is real, one can determine u) as

[Eor + &
o ok 1 &k
uy = 72E0k (187)

Eor, + &k

- . (188)
\/2E0k(E0k + &k)
Then,
U = upbo (189)
E
= s g, (190)
\/QEOk(EOk + &k)
Thus,
Ey _
u = 0,k + &k (191)
\/QEO,—k(Eo,—k +& k)
Poe & (192)
\/QEOk(EOk + &)
And
E
ar, = ot & o (193)
\/2E0k(E0k + &k)
Substituting this into Eq. (148),
. -1 .
Vr = ‘A |2Ak5k+ _k (194)
— __12Akék,+_ Eor, + &k 5 (195)
| \/QEOk(EOk + &)
—(E 1
= Lo - &) 5 (Wricy) <€'B+ 0 ) (196)
\/QEOk(EOk + &) [kl k,—
(D ) o
\/QEOk(E0k+§k) |\Ifk|2 -1 0 0 e
_ —(Eor + &) ( ) (198)
\/QEOk E0k+§k |\Ijk| 8k-‘r
_ (B + &) ( Epy — (& — ,uBHZ)> (199)
V2 Eok (Eor + &) |\Ifk|2 (E,- — €k+uBH ) 0
— (Fow + &) ( (Eox — &k) )
- 200
Eo &= &) 0 (200)

\/QEOk Eor + &) |\Ij’f|2

13



—(Eor + &) (Eor — &) Vi i
\/QEOk(EOk + &) (W2
—(Eox — &) W

\/QEOk(EOk + &) (W27

_ _‘\I’k|2 ‘I’k . A
= T |2wy
\/QEOk(EOk + &) W,
-y .
= iGy.
\/QEOk(EOk + &)
Hence,
iy = gy =
\/QEOk(EOk + &f)’
ugr) = ugpp =0,
kit = vey =0,
U,
Ukt = Ukl = :
\/2E0k(E0k + &)
Here,

Eor = \/&f + [Wg|2.

(201)

(202)

(203)

(204)

(205)

(206)

(207)

(208)

(209)

These results for u and v are the same as those in the zero magnetic-field case (Serie 4).
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In the case of the unitary triplet state with d L H (i.e., d = (d,, dy,,0)),

. & —ids 0 eos 0
fa — @ y kot
Brhot— ( 0 d;—id;) ( 0 gk,_) (210)
(@ id)er 0 )
= ( 0 (dt —id?)ex ) (210)
A AT A . Ek,+ 0 _(d; + id;;)ek,-i- 0 )
St Bifhs = ( 0 %_)( 0 (& —id? ey, - (212)
_ (& +idy)ei . 0 )
= ( 0 (ds —id2)s3 ) (213)
N —dy+id, 0 —(d% + id")e? 0 )
T — Y T y/“k,+
Arlnor=Bilni ( 0 dx—i—z'dy)( 0 (@ —id)ez_ ) Y
_ (|dw|2+‘dy‘2)5%,+ 0 > T FFo_
- (" (duf? + 1,z ) (=00 (1)
2
_ 2 €+ 0 )
— ok (% 2 ) (216)

Substituting this into Eq. (162),

aawL(gz* 0 )ﬁkfﬂ = 5 (217)
TETIAP N0 g o
1+e2  /|A]? 0 o .
( k,6/| il L /‘Ak|2>uku£ . (218)
— wal = 1 (1+5%,—/‘Ak|2 0 )
R U IAP) T+ JIA) 0 L+ed /1A )
(219)
ugg? 0 _ |Ax/? | Akl + 7 0
- 2 ) = 2 2 2 2 ’ 2 2 ;
0 Jukyl (I1Ak* + ex ) (1Ak]* + €5 ) 0 AV
(220)

Assuming ugyp and )| are real and positive,

— (uzm 0 ) _ | Ag| (\/|Ak|2+5z,— 0 )
0w/ IAE T (AP + ) 0 VIS
(221)
- \Ak\<”m ; ) (222
0 VI + 63 -

15



Substituting this into Eq. (148) (4*, = ),

O = A
\A \
- ( Vi) (6 o ) (8T
a ‘AkP d +’Ldy 0 Ek,— 0 Uk |
_ < d +Zd 5k,+ukﬁ 0 )
‘Ak‘ (d +’Ld )€k7_uku
=1 [ (=ds +idy) 5k+/,/Ak| + ey
[Ax]
Hence,
N
VAP +e,
|A]

N =

upp) = ugpr =0,

—(—d, +idy)ey +
Akl 1A + 67,
—(dy + idy)ek, -
Auly/| A2 + €3

Uk =

Uk||

Ukt = vkl = 0.

Here,

ek = Epy— (& —pusH.)
= \/(fk — puH.)? 4 |Ag|? = & + psH.,

ek, = Ep — (& +pusH.)
= \/(fk + pupH,)? + |Ag|* — & — pp H.,

A = |don|® + [dys]>.

16

)

(do + idy)ex—/ /| Ak + €% )

(223)
(224)

(225)

- (226)

(227)

(228)

(229)

(230)

(231)

(232)

(233)
(234)

(235)
(236)

(237)



In the case of the unitary triplet state with d || H (i.e., d = (0,0,d.)),

X 0 di\ (¢ 0
A;Lék’_;’__ = <d>¢< 0 ) ( ]8+ £k _) (238)
o 0 dz&ﬁ_
“ (e, 07): (20
. AT A 3 0 0 diey -
5k,+—Ach€k,+— = < ]BJF €k_) <d*5k+ Ok’ ) (240)
. 0 d;€k7+€k,_)
B <dj€k,+€k,_ 0 ' (241)
N AT A _ 0 dz> < 0 dz€k7+€k7_)
Apép - App - <d2 0 diepren 0 (242)
_ ‘dz‘25k,+5k,— 0 >
B < 0 |d, |2k +ek - (243)
= \dz\25k,+5k7_&0 (244)
= |AxPertex,-00. (245)
Substituting this into Eq. (162),
o 1 o .
Ukul + ngarék,—ukul = 0o, (246)
k
-1
N Ek,+Ek,— A
= |1 247
— UpUy [ + A2 1 09 (247)

-1

= <|A1k|2>_ [|Ak‘2 + {Ek,+ — (& — :“BHZ)}{E]"”_ — (& MBHZ)}] 7

(248)
- 1
= Al 1A + {EOk - §k}{E0k - §k}] ) (249)
-_ -1
= |ARP[|Ak? + & + B3 — 2Enék] 6o (250)
2 [0 12 -1,
= Qx| 2EG, — 2E0k§k] ) (251)
A
= 0 252
2Eo.(Eor — &) (252)
_ |dzi)? &0 (253)
2Eok(Eox — &)
|d-k|*(Eor + &) .
= ol 254
2 Eor(Eok — &) (Bor + &) (254)
(Eok + &) .
2By, " (255)
From this and Eq. (164),
(wgui” + ujuy’) = 0, (256)
up[? + Jui? °2E70k (257)
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Assuming v} = 0 and u) is real, one can determine u{ as

0 (Eok + &k)

\/2E0k(E0k + &)
Then,
U = uRdo (259)
Bor +8) (260)
\/QEOk(EOk + &)
Thus,
Ey_ _
O = (B + &) (261)
\/QEO,—k(Eo,—k +& k)
\/QEOk(EOk + &)
And
E
i, = ——omth) g (263)
\/2E0k(E0k + &)
Substituting this into Eq. (148),
. -1+~ .
Vr = wAkgk,_i__U_k (264)
-1 . . Ey, + A
= WAM%JF— (Bo + &) o0 (265)
\/2E0k(E0k + &)
e »
— kG,
\/QEOk(EOk + &) |1, |2 0  &p-
_ —(For + &) du < 0 1) (8k7+ 0 ) (267)
\/QEOk(EOk + &k) |doe> N\ =10 0 ek
_ _(EOk + fk) dzk < 0 Ek,— ) (268)
\/QEOk(EOk + &) [ dakl? N =gk 0
— —(Box + &) da < 0 By — (& — MBHz)> (269)
\/QEOk(EOk + &) 1 el \ = (B = (& + s ) 0
\/QEOk(EOk + &) 1dal® \ = (Fos = &) 0
_ —(Eok + &) (Eok — &) deg i (271)
\/2E0k(E0k + &) |l
2 e
_ (Eor — &i) de22'€7y (272)
\/QEOk(EOk + &) |
_ _|dzk|2 de2i(3'y (273)
\/QEOk(EOk + &) ||
= — i6. (274)

\/QEOk(EOk + &)
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Hence,

Ukt = Upy) = B + &) , (275)
\/QEOk(EOk + &)

ukty = gy =0, (276)

Ukyt = gy =0, (277)

— ek (278)

Vgt = —Ug|p = :
\/2E0k(E0k + &)

Here,

Eor = \/& + |dk|? (279)

These results for u and v are the same as those in the zero magnetic-field case (Serie 4).

Also, the results are the same as those in the singlet state (d., — Uy).
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