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Field evaporation simulation for high precision atom probe tomography
- Effect of field evaporation and surface diffusion of iron and copper on field
evaporation-

Toshiharu Ohnuma

Abstract

Atom probe tomography (APT) is a very powerful tool being able to investigate atomic positions and chemical
compositions of materials with sub nanometer resolution. In APT, atoms are field-evaporated by applying a high electric field
to a needle-like specimen. At the precipitates and interfaces, due to the difference in the electric field evaporation of the
elements, the local magnification effect causes artifacts. Surface diffusion and reconstruction of atoms during field
evaporation also causes artifacts. The difference of the electric field evaporation by the elements can be obtained by first-
principles calculation. We performed first-principles calculation of surface diffusion and electric field evaporation where
electric field is applied on Fe or Cu adsorbed on BCC Fe(001) and Cu adsorbed on BCC Cu(001). The field evaporation of
Fe obtained by the calculation was in good agreement with the experimental value. The surface migration calculations of Fe
and Cu on Fe (001) were performed. As the electric field increased, the activation energy of diffusion decreased and the

activation energy of the electric field of 28 V / nm is about 40% of that of 0 V / nm.
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Table 1 Error factor which is difficult to measure with APT and its simulation method
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Table 2. Charge and electric field of Fe atom adsorbed
on Fe(001).
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3.4 Fe(001) LD Cu DERZEHKE
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3.3 fi & FRRICRAETR 0 D A CAT TR FED
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WL, 1.466A & Fe LV HBENI-NLE CRIE &
2ol ZHUL Cu DJETHHED Fe KD HRE

#3 Fe(001) LIZ Cu AIRELI-BEDER L
B

Table 3. Charge and electric field of Cu atom
adsorbed on Fe(001).

AT B (V/nm)
0.0 0.00
0.4 5.60
0.8 11.20
1.0 14.00
1.2 16.81
1.4 19.61
1.6 2241
1.8 25.21
2.0 28.01
22 30.81
24 33.62
2.6 36.42

WZEERBLTWD EEZBILD, KRIT, B
L7z Cu JEFIZHOWT, KENDDALEL 1.058
A 5458 A F TEZ T 10 DFTIZOWVWTHRT &~
VA TR —OFREE LTz, ESM EEZ W
BRI I EIC OV T, Fe B2 RA
L7cGa L IARRICEF— 4720 OFREME e &
LT, 05 26eETEXT 127 —R 22N T
HE AT o7, K1 012 Fe(001) i Cu 2308 L
TG T D EA AT, Fe NS LTI-56
ERBERAERDMEON TR Y . BROFRITMME
AT TWD Z & bhote, FRIITEME
BHROBRZRT, Fe BWAE LA LI
CERELR->TIHYEM 2.6 ¢ THEM 3642V/nm
Lo TnD, WAERTD Cu OLAEIXINEE
e LTI AT 5,

X1 1IZEREE X 72RO Fe(001) LT Cu 3%
LB ICRBITART Vv LT RLF— &R
T, R E LG T 70, WERTONME
1466 AlZB 1T 5 F—% 0 L LT, KEN
DRT V¥ VERNF—ERLTND, BN
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—I% 3.17eV ThH 5, Fe DA L REICERIGE
KRDIEONTAHRT VU Y LT RLF—DE—7
/NS 72D, 33Vm UL ETiE el &R
KOYIRV
Fe(001) L1275 L7= Cu JR 1 D783EE
THEHK1 1DORT v LT R /LF—%TTIT Fe
CRRRICZT 4 v T 14 v 7 % U CRFRRRED XL
L EFRE DR EZ KD, Fe DGH &I
1 2127”9, Fe(001) Eo> Cu DFEFR 0V/nm DFRIE
FREbE = %L —(X 3.16eV, ZAFEESIL 32.31V/nm
Loz, Fe (001) EIZWA5 L7z Cu BT DE
S OV/nm DOZEFERE T /L% —|% Fe JRF-I1Z A~
TR 20%/h & < ZAFEEIUL Fe L O5G &£1F
FERICETH -T2, ZZRERDIIIER Lo, &
WERDECL DT T AL EROEE~DRBL
INSNEEBZ B,

[ZoW

3.5 BCC Cu(001) L Cu ME
g5

AFE

BCCFe D CuZ 7 AXE, REEH mmET
I3 BCCHEIE D £ EFET D, £ D=8, BCC Cu
WE&ED Cu 7 7 AZMEHD Cu DERRFEHE L
ITOMENDD, £72. Cu BNERARFET HEEC
BCC Cu O7ZRFEERZ D Z LN ATRe R @ ficx
HOoNCTLHIHERH DL, TDO-H, BCC
Fe(001) 12 Cu 23 2 @& HHiE & 4 )8 b D)
50D Cu DERKFEDOFHEAZIT -T2, 33 HiL 34
B & [FRRICEB R 2 FIN L 72V REE (0V/mm) T

i b 21T o7, M1 3., 141 Cu2f@es
VB L4 EET Vg LRS- 0
LEMIE 2, WoE R T ONLENE 2 8 T O8RR
FLIFIEFR UAZETH YD Fe(001) =D Fe B LW
Cu ODWAET A FERILThoTo, RiidH DAL
X, 1.286 ALY 1.240A & Fe XV HiTV M7
BCREEL -T2, ZHUE, Fe(001) L1235 L

%4 Cu mEBETFILIZ Cu KRB LE-HEDNE
REER

Table 4. Charge and electric field of Cu atom
adsorbed on Cu four layers model.

FEAT (e) ES (Vinm)
0.0 0.00
0.4 5.60
0.8 11.20
1.0 14.01
1.2 16.81
1.4 19.61
1.6 22.41
1.8 25.21
2.0 28.01

72 Fe BEL O Cu OF—THEN 4B TH 72D
LT, Cu2 BET VBIR4EET LOFE
D BCC Cu(001) R L7 Cu i Tl 2
JE& H @ZIKEE%:‘E%“GKDO 7z Cu i+ & OfEG R
BEDS/ NS 720 B 247 A28 2.57A
Lo THEMLIZIEVIRRE L 72 572728 Fe X0
HREDPDUITVMLE TLE LIZREREZZBND,
WIZ, WA LTz Cu JRFIZ oW T, RN HD
NifE% Cu JBET /LTI 0.8712A005 5272A %
T, Cu WEET /LTI 07528005 5252A%T
B2 TENEI 10 VPOV TEEAEEIT 572,
ESM £z AW TZER 28T 25RO Wn T,
FIREICE 4720 DFEEME ¢ ELTT, 0
D 20e EFECEXT 9 RITHONWTHEAEIT T,
K15, 16IZFe(001)iC Cus3ss L-miEic
B DEMERT, BAIZOWTIEL, B 0 DR
LBMEEZ OB ERT v LDFEIT
TRDTND, (fLED 0AN Cu(OOl)J:@z:Eﬁéz
7%, AifiE CERRRFERPM GO TEY, &
ROFBRIIME R <ATbN TV D Z L 3bhol,
FAIZ Cud BET NVOEMN L EROBRE R,
B, Cu2BET N THELTLFELMEE 225
TW5, Fe BE LG E LIZER LA TH
D, i 2.0 e TER 28.01V/im &72> T3,
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&5 Fe(001) £®D Fe [RFH LU Cu [RF. BCC
Cu(001) Lo Cu [RFMRIE LI=#BEICH T 5%
REREARERI LT —

Table 5. Field evaporation and evaporation barrier

energy of Fe or Cu atom adsorbed on Fe(001) and Cu
atom adsorbed on BCC Cu(001).

ARFERRET | JRIEES
RILF— (V/nm)
(eV)
Fe(001) - Fe 4.08 32.60
Fe(001) b Cu 321 32.31
BCC Cu(001) |- 3.34 28.72
@ Cu

Cu2 BET ABIN4ARBET NV TIZZ OBGRE
R THRHT 217 9,

BI17, 18IZEREEXTKED Cu2§E7T
B LD Cud BET/VIZ Cu DWFE LT HEIC
BFORT vy VR VX =T, HilkE L
G 51D, WAERFOME 1.286A (Cu2fd
E7V) BEO 1.240A (CudfgET V) BT
HITRNLF—% 0L LT, FEMOKRT v x L
T F - E R LTS, ERA 0.00Vnm
DEFDORT 22 v VT F L —Dfg/ Ml & i)
S BEALT-NLE T OB D 20 & W BT DOFES
TR F—|L 328V (Cu2 BET /L) BLWV
327eV (Cud BET)v) tWHZ Enbnd,
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ERT U LRI F— DAL DS,
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/NS L 720 28.01V/nm TiX L2372 < 72> T
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WA LT ERICBEL, K17, 18DKRT
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I —HLTEY, Cu oEFEERTI2BE
SR4ETRICLTHDZ Bbrote, ZDD

VYR VTR F—

6 Fe(001) LD Fe H&U Cu OFREILERIC
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Table 6. Bond length of surface diffusion of Fe atom
or Cu atom on Fe(001)

A REME | THEIREE
(Vim) | (A) (&)
Fe on Fe(001) 0 2.39 2.48
28.01 2.24 272
Cuon 0 2.51 2.70
Fe(001) 28.01 2.41 2.59
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g RoE b OIREET BCC #iE D 0PNt L
Ll 52 LRk o7, BCC
Cu(001) E® Cu OFESR 0V/nm (Z351F % 2T fERE
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Fe(001) |k Fe JF 1% L ' Cu JE ¥, BCC
Cu(001) D Cu JiF23W L7 iEIc i) 5%
0V/nm OZFEREREC R VX — L BROBRE £ &
DT 2 012, AFRERET XL F— L BREBERE
7 512779, BCC Cu(001) E> Cu OAFEE
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BELO Cu OFREILEOTEMAL = L ¥ — D%
T, BRANKE L 2O TEREIEHE DI
PRV F =S | BRDBRWEEIC
He_TER 28.01V/m BV TR 40%E 725 Z
ENonoTz, £72. Fe(001) EIZH1T D Cu DIk
B OIEMAL = R X —DFN Fe L0 H/EL,
Cu OFVREIEE LB W2 ERbhoTz, Zh
i% Mulholland & Seidman D 3ZERIZFEV T Cu DL
BOKENALNT-Z &L —F L TW\5[29],

4. FEH

APT [CBTHT7—F 7727 FDHbH, ERT
IRRET D 2 & OIREERER TH D, uHmDZK
FEEMRDIEN X DT T D R FTHER AN H
RJEF OUMBF DI, BRI > THDIREEICE
A REILB DB LT D 729, Fe(001) iz
BT % Fe B LTV Cu, BCC Cu(001) LI2FIF 5 Cu
DARFEE IR L, AREE (ESM) #EI2XD
FFHFREICE S VI ab—va v E o,

FHAEICE > TE L Fe(001) RICHIT 5 Fe D7
FEMIERER L IEFICRO—EA R L, F
72, BCC Cu(001) L2317 5 Cu DAEFEERIL
FCC Cu IZBT 5 FEBRETH S 30V/nm & LLighy
BW—HZ/R L7z, 51T Fe(001) L2k % Fe
BLO Cu OREIEROFELETHRD-0, BR
Z N L7 RABIC 381 B R L OTE M b =1L
XF—OFHEEToTo, BRVBKREL DTN T
KEILBOEEL =R L X —1F/hS <D
28.01V/nm TiE 0V/nm DEFDK] 40% & 725 = &
Nbohot-, £72 Cu DA Fe L0 bILHL=e
TN EnbhoT,

©CRIEPI



TeATRERS Riti2R

SNILAERE | ERE
;; SRTE

1 APTOREDEXE
Fig. 1 Schematic diagram of the principle of APT.
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Fig. 2 Schematic diagram of electrode model of
effective screen medium method (ESM).
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Fig.3 Optimized structure of Fe atom adsorbed on Fe

(001) .
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Fig. 4 Electric potentials of Fe atom adsorbed on Fe

(001).
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Fig. 5 Potential energies of Fe atom adsorbed on Fe
(001).
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Fig. 8 Dependency of evaporation barrier energy on the
electric field for Fe atom adsorbed on Fe(001).
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Fig. 6 Structures of Fe atom adsorbed on Fe (001). (a)
Fe position at 1.31A, (b) Fe position at 3.25A, (c) Fe
position at 5.25A, and (d) Fe position at 7.25A from the
surface.
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Fig. 7 Distribution of the charge difference between the
electric field of 33.62 V / nm and 0.00 V / nm of Fe
atom adsorbed on Fe (001).
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Fig.9 Optimized structure of Cu atom adsorbed on Fe

(001).
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Fig. 10 Electric potentials of Cu atom adsorbed on Fe
(001).
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Fig. 11 Potential energies of Cu atom adsorbed on Fe

(001) structure.
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Fig. 12 Dependency of evaporation barrier energy on
the electric field of Fe atom or Cu atom adsorbed on
Fe(001).
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Fig.13 Optimized structure of adsorbed Cu atom on Cu
two layers model
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Fig.14 Optimized structure of Cu atom adsorbed on Cu
four layers model.
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Fig. 15 Electric potentials of Cu atom adsorbed on Cu
two layers model.
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Fig. 16 Electric potentials of Cu atom adsorbed on Cu
four layers model.
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Fig. 17 Potential energies of Cu atom adsorbed on Cu
two layers model.
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Fig. 18 Potential energies of Cu atom adsorbed on Cu
four layers model.
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Fig. 20 Evaporation barrier energy and electric field of
Fe or Cu atom adsorbed on Fe(001) and Cu atom
adsorbed on BCC Cu(001).
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