ISSN (Print) 1598-5385
ISSN (Online) 2233-6648

LAG+=> Journal of the Korean Magnetics Society 26(2), 39-44 (2016) http://dx.doi.org/10.4283/JKMS.2016.26.2.039

First-principles Study on the Magnetic Properties of Gd doped Bithmuth-Telluride
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Determination of the structural, electronic, and magnetic properties of the magnetically doped bismuth-telluride alloys are drawing lots of
interest in the fields of the thermoelectric application as well as the research on magnetic interaction and topological insulator. In this study,
we performed the first-principles electronic structure calculations within the density functional theory for the Gd doped bismuth-tellurides
in order to study its magnetic properties and magnetic phase stability. All-electron FLAPW (full-potential linearized augmented plane-
wave) method is employed and the exchange correlation potentials of electrons are treated within the generalized gradient approximation.
In order to describe the localized f~electrons of Gd properly, the Hubbard +U term and the spin-orbit coupling of the valence electrons are
included in the second variational way. The results show that while the Gd bulk prefers a ferromagnetic phase, the total energy differences
between the ferromagnetic and the antiferromagnetic phases of the Gd doped bismuth-telluride alloys are about ~1 meV/Gd, indicating that
the stable magnetic phase may be changed sensitively depending on the structural change such as defects or strains.
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O GHBA WATS dfTols] AYAAE ST Tl e TR D AAE Tela Ar)E 4he] B A
NEE GHERO) Polehs BARY ohlel Sold A1H JEAE 79 B SHPEAA FopIHE & BUS T Uk
¥ Aot AER Q42N S TAoE AR 2E 6ol BiE ABste] =R vavs dFells gael A <

0N

49 U=HIEE (Density Functional Theory)oll 7ste] A|dYeld oz A+slr] flste] EE ZA|(all-electron) FLAPW
(full-potential linearized augmented plane-wave) WH-S o83l A2 ALs Faaidint. AARE wda Joahee o
WE71&7] AP (Generalized Gradient ApproximationyS =31 AxkIRoH, w4l f AAE 71&sh= d 223k Hubbard
+U BAY 21 AE 2857 o8 A2 wiEHA HE o] 88l st Akt Ao, A A4S Hole Gd
BRAIE th2A| o] a2 AV WA FollUA] AFol7t ~1 meV/Gd A= ofF AR groR fofiA, 1 AMd QP
& Aol strain Foll g TSl WIFtEA &S] MY 4 AUSS ¢ T AMTE 53] Gd 2EAPIRERIEE G|
Ao ghell mlal 7481aL, Gdoll 7S 7R Teoll = AP IRHIETL FAEE A0 v)Fo] TeE wiAZ 3 AMIds2E
o] 2M3 IS AR Hlol F83 IS e FOE A5 5 ATk

FH0] : A, AV A, EdET, MATE AL SEAE YA, AVIER
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L. M e

Aol APJAAE =383 o] AMd B9 B AP
Ago] w7UE 2 ~HEZY~(Spintronics) 2]
293 FAZA, 199239 Al AHIEAQ MnS &333 &
AollA Zaf7fell &gt 732 (hole-mediated ferromagnetism)
o] Hug o]% Zys] AFHIITHIL FE Si, Ge B
(In,Ga)As Y HI-V = ¥ opg} 11-VI ¥HEAe]] o]27]
7R Tkt S2E (host)oll 3d Fo]5<S5(transition metalyS
gukshA| =333 AAUH=A|(DMS, dilute magnetic semi-
conductor)el] tigh Wik Ag 9 o] I Ay} Hhty
ATH2]. Ty A2 §-80] 7Fsst 59 H2 Curie 2%
£ ZF= homogeneous single crystalline DMS2] A4S A
glehe QA - o|EHY AMIHATL VI SRES dAE
X|8kHA] kar AR H(interstitial) X2 =35 o] Soj7h=
As AzsAY e A ALY Filx
(soluability)Z Usld YA G ode] =3 oj=H
ZAPghAEe] TAE Yol 312A B35 @Al F4A]] o
o2 Ak T - ol ot i Aele Eeiar A
B3} GAEZEA] HHEA] EBE A= ARl

FH2ol| o|¢} Al SHEA Aj2o] A P F A
A AT TR el Hal s Aol 3d Holgs
T JER 942 A= H v chalcogenides &
Folth TAEQI HIAF2 HRglol=gl dYue|les HE
AolaME AT 7P deE] AMEEI e E
(thermoelectric) =2o]t}, ARSER] Fslal WA= &
FAaAE Fale] AgEstd 373 9 duA A S5
1A} ke FHe] =g HWEAR] GHEdEe] 488
Ndske 188 dH=de] /WY A= oot tis
A1 =89 shE GHEES PIAIIY] S8l 249
VIREEE FITIe S dHEEe THAATE
FAdo] &zl olFZ, Adolgh X= g S 7%
ZA7re] AR} 5 o]AA FZ(heterostructures)] T4
FALE 29 =35 St &9 E="3(phonon
blocking) E712 FEE&S =oldv AW} FFHo=E oF
RT3, 4]. ©] 7hkeHl 53] AYATE &89 HATA
dlFgtol=e} Alguolsolla IR Bl 3xkd AA b
AR (TI, Topological Insulator) 21-2] TIZ-&E}j(Dirac-like)
o] A ETL BaEHA 2pd g oA A=Y 5
ES EATH5-8]. o AR & d WI=E 2kl PA]elA
A3E We 3d HolF4< Fe, Co, Nig HIE3}] DMS|
Me ZAdE F= ol a3Q =8U4AZ dEAE Mn
I Cr o] =Hdas d7Eler, I 7keH Fe, Cr 2
Mno| =3 BT dfgto|= g ufol ol A <

o nR 2

K ﬁo

q

e
(R

Y
S
o

i
I i

H
p

A4, deh-ge A2 9 g wMe] Alele] oY W
ZJHl (Topological Surface State)®] o<l 2]t W= HH
o] BaEATH9-11].

R Gd B2 Ce 59 JER 945 =33 I A
2 pFEAA B Aye AiEeE FHZolof TREa 9l
o} GdBiTe; BFelA] A3 QY47 quantum anomalous
Hall g7} AlLLE|ALS B3t cSEd o 12], A3
Hog= Big A Sol7h= Gdol =l AL S
o] AAHIL o™, BigsGdooSe; BAIGF RIBHH O
7197 x<04% Bi, ,Gd,Te; ¥ SollA 25 AxA
(paramagnetic)®] HI1%= S[13, 14] magnetic long-range
orderes AFZX O A A5H 1 A &t 12yt 749
unpaired 4f AAE 2= GdY] 79 Zolgsel vlgte] &
A|EHES ZR=t} = A3} +37}19] BiE X|88l] Solrj=
TPULEAN FE 27FE Ze Holg&HsE2 AVF
impurity=412] S} Hpege] apt EAjE] Hol=
R 4371e] Gde: =% A1 impurity] BIHS 7S
T A= AollA 2 B TI A7 SHAAE vig- FHEE
ApdEgo] opd 4 glrh. 53] w9 HZel Bi,_Gd,Tes
9] x~0.09 F-2oA IRl A WEFEAM (antiferromagnetic)
oo AIRETE oSEo] B4 ub JTH15]. o]dd
5 BiyTe;9} Gd,Tes= WA AGNA 2+ rthombohedral &+
orthorhombic structure®] A& th2 ARTZE 71x=H), o]
T S 9 4o 2& Bi®t Gd compositionS ZH=
7323 thombohedral 355 T 749, T2AHE] strain®
2 A2V o Msleld S5-Has st fied
Aol ®HarEo] 7% slri16].

olo] £ AFtelxie sl A8 Hole f AR E 2t
= "EAQ SEF Y29 Gdo] H|AFA "HEgiol=
(BizTe3)°ﬂ i]:;c_} E“@% Eéi] @% Bizfodeesoﬂ ‘:Htﬂ' xﬂ%l
de] AAFEARNS et T2 HAsE 2 A P84
S 23 A1H S AFetal, ol igk +u, 2~

25 e AE, aujal =5 #d o)Al tisi =

°Jsiitt.

b

Lo
ol

1L Al AHH

Bi,_«Gd,Te; WAAIZA x=1, 1/3, 283 1/62] A7}A|
=gyEs e g AR A 98438 FLAPW
W71 A&8te] AldLe)d oz ARkt DFT 7]
1St Kohn-Sham W421S AAFE4 HHAROZ FolA
71AVdeNS] Rkt RS FRle o o HARE
S s AE-S Uehle HRES 7P gebF o= A
5= PBE-GGA[I8]2 A1 7Issloirt. s o= 7
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A 43k HollE Gd 4f FARE 2FHHEL +U HE
¥ 53] Hubbard termS 3715k HsioH, o2 9
3] g Gdoll A2e Fho' dell U=77eV, J=0.7
eVE AFE3ITH19, 20]. B4 A} (core electrons)y= Dirac
WS AR FolA g AR E HAFsIHer, At
7P} (valence electronsys2 THNEZSZ FHgsie] 23-
Ax 252 A5 2E(SOC, Spin-Orbit CouplingyS A 2
HEHZA ¥ (the Second Variational Approach) 2 At
o Z3kets] GA] AAFEHZAS] HHAH o= AkslATH21].

F2E BAQ BiTe; WAAE 150 meV 2182] 22
A ERs ZEEA I kepoint MOl Blold ¢
Aol el ME StH/AAHS Bole HAAEA o)y
sk AR} fFARE WiEgy AAFERE D7) fEixe
Screened Exchange LDAS} 22 B Q1 w33 452}
& weldo] {§-83to] deiA Jou22], HIZE Ak A%
7 sz T HAse A 9 A1E dE <t
A Tolle 2 9 TA e Ao= FRIF] o] AT
olMe AEalA| Fskth. s dxF T #A "
(MT, muffin tin) 993} 1 Alo)e] ARFEAY (interstitial) <3
do=z ro] 747 b Felo] 7ATFE o83l Ve
3}, Bit Gd 3.0au. I Tee= 24aus] HHRES
Zhe Yo& MT 99S Fat, o] MT 99 elME Ly =
89] Zhe-sd Ags AEg FHAAESR(spherical
lattice harmonics)@ Z7I8IR.0H, AXEA G GolX = LA}
F oF 100719 BAHAHS TATFE ARSEEEShE ollu
A AFHgks ARSI

ShA 3 AEQ] BiyTess S04} (hexagonal lattice)® LJE}
WS u F=HARI(in-plane lattice constant) a2} 53]
BRI (perepndicular lattice constant) ¢2] A&7 2z}
AR (atomic unit)Z a=8.28 au} c= 4556 au% &Y
A ArH23]. Gd A= 9 =3 dAY] F A==
st S2E B4 tiA] At TRl w71 At 9
2| W oofet B Azt o] s vERE ¢ ol 19
A AT Aso] HHEY ou24], o] Alktelx=
RE FEolM AR a9t ¢ 3 S2E BirTeyo] A3k
°F JHA)IL Gds X% =33
= ARS Akste] glo] FAIE
A AAE ol sst] FIAXNE &

T, BE Aol 283}
T Z2 gro] 2wt
= es 125 A

3la19tt.
L. &3 ¥ =9
Sele nuE gelel SN ABH A e e

Gd ®A]o] AT} WA e] FAAA] 2fo] AE = E gy~
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Table 1. Comparison of the present and other results of the total
energy difference between the antiferromagnetic (AFM) and the
ferromagnetic (FM) configurations, AE = E ry — Ery in meV/Gd,
using different exchange correlation potentials for the Gd bulk.

AE= EAFM - EFM in meV/Gd

This work Others
GGA+U 54.99 -
GGA+U+SOC 77.33 70.93 [20]
LDA+U - 63 [19]
LDA+U+SOC - 78.62 [20]

EpfmeV/GdyZ GGA+U2t GGA+U+SOCE |-&3le] Alak
& 2= Table 1o HEPAITE Gd BA19] A4 <8739
ALLH Ak o3 7|7t Z2A =g tPde] Hojgk
=4|, Y#7] hexagonal TZI4 LDAS} GGA AXFAx} 7+
Zpdo] WPIAMIRDE Bhe- oURAE Zlethe Rals o]%o
AR HeZAHASA, Atomic Shape Approximation)e] F48+
ol o5k Ae] ARSI, FHF ARG Bo) A7
Aeh= Al 8 B 4] YR majority 2= W=
o} HloJE= minority & WE=Q] $1%] Fo] HAGER=
+U BAS Agstoiop dojzxivgar d&A AvH19, 20].
Table o] BRI $2]9] ALt AFjelr] BZo], SOCE 33
<= e} TR %S Wl BT AE ol R FolAA
A ZFEi7E WA AR R ol| A7 Wl o] QB
o A%em, SOCE 1A A9l AR FAel
4 S7ske Aoz VeRdEd, o3k 43RS Table |
of Haxo] 71&S tE AlkE dAg}. Gd B9 7
ol Aol B84 AT ke 4/ =T SEFeE o
Aplef| pass) Flo] FRe] TR wi=eke] Hlo] A9 fl=
Ae2A, O AH FsAEe F2 RKKY(Ruderman-
Kittel-Kasuya-Yodsida) 71202 A==, o] 749 Gd €
A AJo12] A2l dagoah Z7KN wlek APEAES) 2]
7F A B ofe} AT wAPdo]l w2 <FYs}t =
T Ut} B3 FHollA At AHE =i E HIAF~
dgio|= bl Gdo] =39 geolMs, 7 2 =3
A 50% Gd A& =89 Aot &9 Gd BAY weh
HWEt dgga’t S7F8H Aok wEbA 2= Gd B9
HAAPSTE AR S7ANATI AES Akl Bde
dl, oF 23%2] AT S/ B daa’t ALY
6.76 auZHE 7 828 aurt HUS WA =(©] dgaca
ke FHell =99 Bi,_Gd,Te; Fa<] x=19} 1/39] 34
dacs AT FARSIEH olUA] Zfo] gk AE =55 meVE o],
A el FAES & 4 ATk

Fig. 1ol& A2 Gd BX]9] olyA] Wi=e} dejds
(DOS, density of states)s GGA+U+SOCZ ARkl Ax=

o

gﬁ o
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5 TDOS [states/eV] A= For, SOC A oo FEgete] FIS st
/ o 29 majority?} minority FI=Z U] =9 4= Qo
== e Fig. 19] A= (i) $33] 920 4f majority 253 W=7}

H2Z0] NHR|(E;, Fermi level) olZ F —10eV Fol|
X, As ALAA] &2 4f minority 2~H HWI=7} B
A= oF 2.5-3 eV F2ol| YXFlaL oS HAFH (i) ¥
2u] AUA] F=HAl= =& 6s-5d character®] hybridized Hl
=7} AFE Y-8 HAFH +U 9= F 4f 2~HAdY
e HAS FA TTR7Ie ZeE Ueon, 53] 4f
minority W=7} GGAIIME Ep AXA YA|sl] FRE¥o=
Afrsle MEE AL =2 wgabg Pgde] 25d 4
FH= FAW Aol "ksled[20], +U BAoN ol Epo] 9%

' KM TA LH A0 3 6 9 12 15

Fig. 1. (Color online) The calculated band structure along the high
symmetry directions (left) and the total- and the orbital projected-

DOS for the ferromagnetic Gd bulk within the GGA+U with the spin- oz Hbg] olssle] AGER] oz AR kYol &
orbit coupling (SOC). Note that the spin is not a good quantum o ATE F= AL O 4 Yt v, Jex Hol:

number after the SOC is included and thus the majority and minority

spin states appear together. hybridized 6s-5d W=9] oF 1eV Axo] 2~ R

of 7. @ Zlw B FAlE 2SS Eaf Ao el
yehidch socrt 3k Alkke] Agolle 2Fo] ¢ ol 0.9 eVIE 7 AX|5h= Adele[25], ©] 7+ GGA wi=o
2 AoE g7t oHER T 23 Ajdo] ehds] Ry M= Yehes Ae2ZA, +U Bl 9Jgh Jake Aol w7

(a) (b)

Fig. 2. (Color online) The atomic structures of Bi, _ \Gd,Te; bulk alloys considered in this calculation with x =1 (a), 1/3 (b), and 1/6 (c). There are
two Gd atoms, Gdl and Gd2, in one unit-cell to represent AFM configuration, which are shown in the black color. Note that in the AFM
configuration, the spins of Gd1 and Gd2 align in an antiparallel orientation.
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= Aog yeldth 3 soce] FE ke ouxF
2 FEEJY JHES Btk 292 Yehed], 53]
FFo] F3isle] W= (bandwidth)o] A F
ke As & 4 AL, Er 2A9 5d MEAAME 0|2
1%k M= 33 (dispersion)el] 2R W37t =T
B Al Afed Gdo] Big X =33 Bi,_Gd,Te;
el x=1, 173, 283l 1/60] W3t JAFZE Fig. 20
eI A d e 93] ARS 1ste] € unit cell
T F M9 Gd 9AHGA1F Gd2)S ZEEE Fokow, 13
of A& Moz Yepd Gd1 Gd2o] 23 weko] A
wloll= FaaHAl, 12jal RPdAMdYd wielle RigsgstAl 2
sHAl Hch RPEAAY A whEEet A~ wEs e
Gd1-Gd2 YA Age 829(x=17 13Y W) 2 16.57
(x=1/64 W) auoZ FoKIt}. o]yt Fee] Faollx =
o] S0t Gdo] TYEHAl BEFS A Edh=A] opH
Gd718] ©old](clusterys Ao 23S HAFsh=A], 183l
HPAMde] 74 ofd ~uEs 2R 2 Afdez &
dHA A 2ot B A4 2 Gd composition®l] T3}
o] Fig. 20 B A} A7z Akle] Hode Sl
AHstF e, ZF compositionoll A 2|7} AESE FRETH
quAFog B& kg3t 127} IS F IS uEET
E3] x=1/3% 1/6 TS oA & = =0 in-plane
ko2 Aol Gd HHEC] A= il v
Bols o] A Gd S| RS v 2397
202 Wi wgEe 5Eg xRl

o
S

S Table 119 BT AXF 295 HY x=19] FA$e
AE <0 o2& wkzgdo] eHgshe, a8]ar x =139 1/69]
e e AE>0 olEE Aol KRS JEhi
Act. 2y AES] Huigko]l ~1 meV FEQ] ol 22 gk
dol| FH3H, $8] Artez dolxl ol e A ¢k
3L wihg- Fokeled, egte] F29] ®igt e % 5 $
el dPFoEw 44 HE F U= & F Utk °olE AE
e ojlA KOl Gd WX AE Fh(Table T ZZ)ol HIs|

W

Table II. Calculated results of the total energy difference between
the antiferromagnetic (AFM) and the ferromagnetic (FM)
configurations, AE = E ;s — Ery, in meV/Gd, and the spin magnetic
moments of Gd (mgq) and Te (my.) Muffin-Tins in py for the
Bi, _Gd,Te; bulk alloys with x =1, 1/3, and 1/6.

AE (meV/ Gd) mMaGd (IJ,B) MTe (HB)
FM AFM FM AFM
x=1 -1.02 7.04 7.05 —0.04 0.01
x=1/3 0.94 7.04 7.04 0.02 0.02
x=1/6 3.30 7.02 7.02 0.01 0.01
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1/50 o] 18 A== w9 22, o]2f3t okt At E
ZR8-2 Gd-Gd Aol A dgac’t BXIS] 75l Hlsl 7t
SIAA RKKY Pl A ozl HdPH oz Hol=
AY STl wE AP ARE0] oFslol AL e Aol
A WA o= ZIAVIE7) wshe @9l Xk - 7t
S & Aot 2y 7Fs3S AAsiET] Sl el A
F3A50] doact x=1EE 1320 &9 33 AR
828 aus Zt= Gd WXHol| tisl Akl Ay, 55meve]
T AE & Ao, mEba ol AL AR ok
< & Stk

AA71llA FET He Gdo 7P 7Pk fiAlel e
LA ) 0.04 peoll Gk A IEHET fEdthe
olt}. WA, Gd Akl MT Wel 23 AAEHEE 2+
doace B 28 Gd BRX] Q1 7.26 pell BIste] &
FoME oF 7.04 up= HASHE FO= UERSTH(Table 11
Fx). B3 sl WPAde] et Ao= Akl x=1
e 7B A dEjollA Ted] 2 ERIET} 7Y &
#He BYlom 53] U FF9] Avehe tEA BT Gd
I wgssiA] Hhshks 2o ERIFH Ted viNE &3
Gd AV|ERIE HHe] g8} 717k 7|Ee] Holass X
Stal= DMSOIA p-d hybridization} FAF8HE[26], d W=
o Hlgly] Ful=s Axpel Ao AR Al FHAslEo
o]-23F x| p Hi=2}e] overlape] Aol FAIE YU A
o2 oFHY| wjitel] T3] F et = s It
A7 EREZe] FHe]| 0]23k Te YAI9}] hybridization ©]
93 7|98 & 4 Qloks £ A7 A= 3Eee <
o2 o AAS A7 88 AoF HRITh

fo W F

Iv. &4 =

32l FER 941 Gdo] X3P H v "dF
Zlol= FF Bi,_ GdTes(x =1, 1/3, 283l 1/6)°] 3k =}
3 A E AATERS Astal Al SaskE 4f R}
o] AsArgo] WE +U BAaIe} ~AAw 2w A
FAE-(S0C)Y] FHo|| tiste] Yol yia} HUEFE 9
ket ALy AkS AT Gd BX A9 +Uust
SOCE B5 w3t 75 A3 ezt wdAkg deiele]
oA xlo] 77.33 meV/GdS Hol T ¢HgE Ao e}
Wk o]t A oA SOCE 1EEA] ZkS ol
=, 5 Gd-Gd YA ATE Ao ZRE 23%7HA] 5
TMAA x =17 1320 Faolre 3 2A st AklE
Qo= FAIEE Aoz Yepdth ¥ Bi, Gd Te;2] il
YA Akke] A3, x = 10Ms WP el 28 x= 1/
39} 1/69] 9= AP dEIT Fg Aom Yepdon &
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o

T 73T A WgAde] ouA] Aok WAl Gdel gk
I} vlaste] v 2 ~1 meV/Gd HEZ ARFEOZH, o]
o] A L vl FHokske] w22 antisites 5
o} Aot strain Gl efsted A W = U= ANt

o] =2 HPEAHY] Ao SmATFAGe]
S ol S8 7|2 ATAIIY (2013R1A1A3013348).
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