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Diffusion of interstitial hydrogen into and through bcc Fe from first principles
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We report periodic spin-polarized density functional the¢@DFT) predictions of hydrogen adsorption,
absorption, dissolution, and diffusion energetics on and in ferromagif@iz body-centered cubigcc) iron.
We find that H prefers to stay on the Fe surface instead of subsurfaces or in bulk. Hydrogen dissolution in bulk
Fe is predicted to be endothermic, with hydrogen occupying tetrah@jisiles over a wide range of concen-
trations. This is consistent with the known low solubility of H in pure Fe. In the initial absorption step, we
predict that H occupies the deep subsurface t-site foit ¥ and the shallow subsurface t-site for(E@0).
Diffusion of H into Fe subsurfaces is predicted to have a much lower barrier {@08ethan F¢110). For H
diffusion in bulk Fe, we find that H diffuses through bcc Fe not via a straight line trajectory, but rather hops
from one t-site to a neighboring t-site by a curved path. Moreover, we exclude a previously suggested path via
the octahedral site, due to its higher barrier and the rank of the saddle point. Quantum effects on H diffusion
through bulk Fe are discussed.
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I. INTRODUCTION and high mobility of hydrogen in iron and the high probabil-

Hydrogen can greatly change the mechanical properties d’?y_of trapping at defect sites at low temperatures, Ii_ttle dirept
structural metals and alloys and therefore cause materi&vidence for the site occupancy exists. Indirect evidence in-
failure 12 Various mechanisms have been proposed to exdicates that H resides in the tetrahed(l site of body-
plain the H-induced embrittlemenHIE) of steels® How-  centered cubigbco) Fel® However, conflicting theoretical
ever, because of its complexity, HIE remains an unsolvedredictions of both site preferences and the direction of
problem? Information about the atomic events occurring charge transfer have been reported. Geometrical fattors,
during H embrittlement are critical to understanding andlattice relaxationd? and electronic argumerifshave been
modeling environmentally induced fracture, and ultimatelyinvoked to explain the site preference of H in bulk transition
may help suggest engineering solutions. metals, though no universal theory can explain all cases.

Iron or steel can absorb hydrogen during production, pro- In 1982, Ngrskov found the t-site to be preferable, using
cessing, and/or service. Many of those processes will prothe semiempirical effective medium theaiMT), without
duce adsorbed atomic hydrogen on Fe surfaces, which pregiowing lattice relaxation. In 1984, using EMT, but also
cedes the entry of hydrogen into the bulk.(EE) and including lattice relaxations and a quantum mechanical treat-
Fg100 are the two most stable low-index surfaces of Fement of the atomic motion of the H impurity, Puska and
(lowest surface energyRecently; we systematically studied  Njeminerd found the octahedrab) site and t-site to be al-
with density functional theoryDFT) the adsorption of H on i \qot degenerate in energy. Semiempirical extended Hiickel
Fg110 as a functlon_ of coverage; DFT predicts H to prefer(EH) studies by Companion and Lfu(in 1985, with H in a
the quasithreefold site on E0), in agreement with low- figid Fe clustey, Minot and Demange#t (in 1987, with a

energy electron diffraction(LEED) experiment$. High- = - .
. . rigid periodic crysta), and Juan and Hoffmaf#(in 1999,
resolution electron energy-loss SpectroscofiyREELS ith a periodic crystal and allowing just a breathing mode

measurements indicate that H prefers the fourfold site o : ) 4 ;
Fe(100),” in agreement with earl;t) Hartree-Fock cluster pre- or the first Fe neighbors of H for lattice relaxatjqredicted

dictions by Walct However, this cluster work predicted the that H prefers the t-site over the o-site. By contrast, in 1989,
twofold site to be~1.25 eV higher in energy than the four- 0Ng; Zeng, and Zhedgfound that H prefers the o-site by
fold site, contradicting recent periodic DFT-GG4eneral- 0-11 eV over the t-site, using the spin-polarized Kethod
ized gradient approximatiorcalculations by Eder, Terakura, within a rigid cluster-in-cluster model. As for charge transfer,
and Hafnef They predicted H to prefer the twofold site on Minot and Demangeat predicted the direction to be from H
Fe(100), with the fourfold site only slightly less stable. We to Fe, while Juan and Hoffmann foune0.4 e charge trans-
will use a different DFT approach here to revisit H on fer from Fe to H. Gong, Zeng, and Zheng four®.12 e and
Fe(100), given the discrepancy between experimentally in-~0.16 e transferred from Fe to t-site H and o-site H, respec-
ferred and earlier DFT site preferences. tively. In 2002, Miwa and Fukumot8 employed DFT-GGA
Chemisorbed H atoms on Fe surfaces can diffuse into thwith ultrasoft pseudopotential®)SPB.?* Using a FggH su-
subsurface layers and then further into bulk Fe. Experimentgiercell with the cell shape and volume fixed at the value
work on H penetration has been done on Fe films, but not opredicted for bulk bcc Fé2.851 A), they found the t-site
specific crystal faces. Here we compare penetration pathways0.18 eV more stable than the o-site after ionic relaxation.
of H into Fg110) and F&100). All work mentioned above only explored one or two concen-
After H is absorbed into bulk Fe, the next issue is wheretrations of H in Fe and most of them used less than 20 Fe
H atoms reside in the metal lattice. Due to the low solubilityatoms in the model, corresponding to a concentration of H
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that is far too high. The solubility of H in Fe is very small a k-point sampling of 1X 12X 1, 6X6X1, and 4X4X1
(0.01 at.% at 1000 K and less tharx30%at.% at room for the p(1x1) (for 1.0 ML coveragg p(2x2) (for
temperaturé). Therefore, it is critical to examine the con- 0.25 ML coveragg andp(3x 3) (for 0.11 ML) surface cell,
centration(or cell-sizg convergence of properties to find a respectively. When modeling FE10), we use seven layers of
suitable concentration that realistically simulates H in FejFe atoms, with the bottom four layers fixed at their bulk
this was lacking in previous studies and is one focus in theositions; when modeling F£00), we use five layers of Fe
present work. atoms, with the bottom three layers fixed at their bulk posi-
What distinguishes H from other deleterious impurities intions. We use a 10 A thick vacuum layer for both(EE)
transition metals is its high mobility. At room temperature, and F€100). We allow the H layer, together with the top
the diffusivity of H in pure bcc iron is about 1.0 three layers of the K&10) slab or the top two layers of the
X 10 cn? s™t, compared to 1.8107'® cn?s™* for carbon  Fe(100) slab, to relax. For the more open(E60) surface,
and nitrogerf® Whether or not HIE happens by accumulation allowing one more Fe laygthe middle layer to relax only
of gaseous hydrogen, formation of hydrides, localized plasticauses a 5 meV change in total energy; therefore, the origi-
deformation, or reduction of cohesion, all of these postulatechal number of layers allowed to relax should be sufficient.
mechanism&are enabled by the high diffusivity of hydro- For all the subsurface calculations, we use 0.25 ML of H for
gen. In principle, quantum tunneling could also contribute topoth Fg110) and F¢100).
H’s high diffusivity in bcc Fe. Extensive experimental inves-  For H in bulk Fe calculations, we usekgpoint sampling
tigations of H diffusion have been carried out on variousof 12X 12X 12, 6X6X6, 4X4X 4, and 2X2X 2 for Fe,
irons and steel®! However, direct evidence of the diffusion Fe, Fey, and Fg,g respectively, which converges the dis-
path is still lacking due to inherent limitations in spatial and solution energy to within 0.03 eV for eachnrelaxed cell.
time resolution of experimental techniques, which do notThe first-order Methfessel-Paxton metfdis used for the
permit probing of individual reactive events in solid®t to  Fermi-surface smearing in order to obtain accurate forces,
mention the difficulty associated with probing a transitionand a smearing width of 0.1 eV is chosen such that the error
state in condensed matteiPeriodic DFT coupled with a in the extrapolated energy at 0 K is less than 1 meV/atom.
solid-state transition-state search algorithm provides a way tBoth the cell-shape and atomic positions in bulk cells are
study the atomic mechanism of solid-state diffusion. Theallowed to relax.
success of such studf€s?®on other materials encourages us  The dissolution energy of hydrogen atoms in bulk Fe, the
to work on hydrogen diffusion into and through iron. adsorption energy of hydrogen atoms on Fe surfaces, and the
In this work, we use periodic DFT to investigate site pref- absorption energy into Fe subsurface sites are defined in the
erences for H on K&00), in Fg110 and Fe100) subsur- same manner, as given in Ed).
faces, and in bulk Fe. We then go on to investigate how H
diffuses into FéL10) and F€100) subsurfaces. Next, we AE:E(Fq]H)—E(Fen)—%E[Hz(g)]. (1)
identify the nature of the classical, thermally activated path
H takes to diffuse in bcc Fe. The rest of the paper is orgaHere all energies are referenced to the gaseous hydrogen
nized as follows. Section Il describes the theoretical methognolecule and pure Fe. The first term on the right-hand side is
employed, Sec. Il presents the results and discussion, anfle total energy of the supercell that inclugeSe atoms and
Sec. IV provides a summary and conclusions. 1 H atom; the second term is the total energy of the supercell
that consists of Fe atoms. The first two terms are calculated
with the same paramete(k-point sampling, energy cutoff,
etc). The third term is half the total energy of the hydrogen
We performed DF%%0 calculations within the general- molecule, which is calculated by putting, kh a cubic box
ized gradient approximation of the PBE fothfor electron ~ with 10 A sides and carrying out B-point calculation. We
exchange and correlation, using the Vienna Ab Initio Simu-obtain for H, a bond length of 0.750 A, a vibrational fre-
lation Packagé?3* Here we employed Blochl’s projector- quency of 4300 cit, and a binding energD,) of 4.54 eV,
augmented wave(PAW) method®® as implemented by which are almost identical to previous GGA restfitand in
Kresse and Joubet?. The PAW method is an all-electron fairly good agreement with experimental valtfesof
DFT technique(within the frozen-core approximatipnvith 0.741 A, 4395 cmt, and 4.75 eV.
the computational efficiency of pseudopotential techniques. The Climbing Image Nudged Elastic Banl-NEB)
We testeck-point sampling and kinetic energy cutoff conver- method? is used to locate the minimum energy paths
gence for all supercells. As a result of the convergence testsMEP9 and the transition states for diffusion of H into Fe
we use a kinetic energy cutoff of 350 eV for all calculations.from Fg110) and F¢100) [using the surfacg@(2X 2) cell]
Structural relaxations were performed until forces on eacland for diffusion of H in bulk Feusing the Feg,g supercel.
atom were below 0.01 eV/A. Using a ¥515X 15 k-point ~ The NEB methotf is a reliable way to find the MEP, when
mesh for the primitive cell, we obtain for bcc Fe a lattice the initial and final states of a process are known. An inter-
constant of 2.834 A, a bulk modulus of 174 GPa, a localpolated chain of configurationgmage$ between the initial
magnetic moment of 2.2Qg, which agree very well with and final positions is connected by springs and relaxed si-
experiment’ and previous DFT-GGA-FLAPW resulté. multaneously to the minimum energy patiEP). With the
For the study of H/F&L10), we use (2 X 2) surface cell  climbing image scheme, the highest-energy image climbs up-
and ak-point sampling of & 7x 1. For H/F€110), we use hill to the saddle point. When we use the CI-NEB method in

Il. THEORETICAL METHOD
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TABLE |I. PAW-GGA(PBE) DFT adsorption energig€,g) and AN
H-surface distance&) for hydrogen atoms on F£00). The nature // }\\\
of the critical point is given in parenthesésin=minimum, hos o ly ==
=higher order saddle pointZero-point-energy corrections are not {«'%\"}%\;\
included here. ~4 \I /
\ 46
o W o
Method on-top bridge hollow o
S M
Current work o7 o
0=1 ML® Egq(eV) +0.45(hog -0.24(min) -0.40(min)
“4A) 156 0.93 0.35 S el e e S
) ' ) O Octahedral site O Tetrahedral site
0=0.25 ML E,q(eV) +0.23(hos -0.32(min) -0.38(min) ( ) (b)
d(A) 1.58 1.10 0.37 a
6=011 ML Eqq(eV) +0.20(hos —0.34(min) —0.38(min) FIG. 1. The interstitial sites in a bcc lattice.
d(A) 1.58 1.20 0.37
USPP-GGA 1 ML to 0.25 ML, the H adsorption energy changes only by
6=025 ML Eyq(eV)  +0.17 0.36 -0.35 0.02 eV for the hollow site, but decreases significantly for
d(R) 1.63 1.08 0.35 the on-top and bridge sites. We can understand this trend by
8\ monolayer(ML) is defined as one adsorbate atom per surfacéwt'ng that hollow site HS_ ha\_/e very §ma|| H-surface dis-
atom. tances; any lateral repulsion is effectively screened by Fe
bRef. 9. atoms. By contrast, the other sites have much larger

H-surface distances and lateral repulsions between H’s are no

longer screened by the substrate, leading to significant desta-

%?)Iriesggiyr{ ‘ﬂlntgr? e{{?)?nggsleirsetkzzlr%eglue@} g\h?hg?;:]'?(gghilization of the adsorbate at higher coverages. Further re-
9 ' ' ucing the H coverage from 0.25 ML to 0.11 ML, the ad-

:jh; saddle points are d(?tehrmined by diagonalizri]ng alﬁnit%orption energy remains the same for the hollow site and
ifference construction of the Hessian matrix with displace- i ; X .
ments of 0.01 Aallowing only H to move. Fe atoms are changes by~0.03 eV for the on-top and bridge sites. Since

X . ) . 0.03 eV is estimated to be the numerical error associated
kept fixed. The zero-point energ¥PE) is obtained by sum- with our energetics, the adsorption properties of H1B6)

mg](?el;p Fr;e Z;;"E'E‘g”; wbra;\tggal gsntzrgrlszlorf](t)f:;; Sﬁ:‘ggzalmay be considered to be unchanging below 0.25 ML and
» 1€, 7= W v therefore we use it for the following subsurface studies. Our

frequency. results at 0.25 ML are similar to those reported by Eder,
Terakura, and HafnefUSPP-GGAPW91],° aside from

IIl. RESULTS AND DISCUSSION their predicted near degeneracy between bridge and hollow

_ site adsorption. The all-electron PAW method should be

A. Hydrogen adsorption on Fe(110) and Fe(100) more accurate than the USPP method for transition metals,

In our earlier worlké we examined hydrogen adsorption Such as Fe, which may explain the better agreement between
on Fe110), finding that H prefers the quasithreefold site onOur results a_nd the experlmental indication that H occupies
Fg110) at all coverages(0.25-1.0 MD). The DFT- the hollow site. Compared with FELO), we found that H
GGA(PBE) adsorption energy of H on FELQ) [as defined Pinds~0.3 eV less strongly to &00.
by Eq. (1)] was predicted to be —-0.71 eV/atom, over the
range examined. Here we compare our findings for H atom  B. H in bee Fe: Site preference and dissolution energy

adsorption on Ra00) with earlier theoretical and experi-  Figure 1 displays the two types of interstices in the bcc
mental results, as well as to the H(E&0) results. Table | |lattice: tetrahedra{t) and Octahedrado)_ Using the experi_
displays the adsorption energy and the H-surface distance gfental lattice parameter of bcc F2.86 A), the “radii” of
64=0.11, 0.25, and 1 Ml(the unit for the coverage ML is the t-site and o-site are 0.36 A and 0.19 A, respectively. H
defined in Table), after the structure of the H/EEO0) slab  has a covalent radius of 0.37 A, so we would expect it will
is relaxed. For all coverages examined, the fourfold hollowfit better in the t-site. Table Il shows how the energy differ-
site is found to be the lowest in energy, in agreement withence between o-site and t-site occupancy of H in bcc Fe
what available experimental results suggeStadd with  converges with the supercell size, i.e., as the concentration of
early Hartree-Fock cluster predictions by Wafchihe on-top  H becomes lower. We allow both cell shape and atomic po-
site is predicted to be endothermic with respect to gaseousitions to relax. The F&l cell may be considered a super-
H, and a clean Fe surface. By calculating the frequencyaturated solution of H in Fe, or as an iron hydride. Both the
spectrum for the H adatom on a(&80) surface fixed at the unrelaxed and relaxed energy differences converge to within
relaxed H/F€L00 geometry, we find that both the twofold 10 meV at the Fg supercell. For the four supercelise.,
bridge and the fourfold hollow sites are true minima, while concentrationswe explored, Table Il clearly shows that the
the on-top site is a rank-2 saddle point with two imaginaryt-site is always more stable, both for the unrelaxed and re-
frequencies. Reducing the H coverage fromlaxed structures. Although the o-site occupancy gains more
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TABLE II. The energy differencé AE=E,~E;) between H in  with Gong, Zeng, and Zheng's Xresults!® but is signifi-
the o-site and t-site of bcc Fe for both unrelaxed and relaxed struccantly lower than Juan and Hoffmann’s EH resti®©f the
tures(for the unrelaxed structure=2.86 A). two previous studies, X in general could be considered su-
perior to EH (which is basically tight-binding Philipp et

Supercell AE, unrelaxedeV) AE, relaxedeV) al.13 found a correlation between the crystal electrostatic po-
FeH 051 001 tential and the occupation of interstitial sites by H in bulk
Fe,H 0.47 0.13 metals. They found that the t-site preference of H in bcc V,
FesH 0.46 013 Nb, and Ta, and the o-site preference of H in fcc Pd could be
Feypd 0.47 0.13 correlated qualitatively with pure bulk metal’s protonic elec-

trostatic potentiali.e., the potential seen by a projpmhich
had its lowest value at the respective sites. However, since

stabilization from lattice distortion than the t-site does, it still We find the H in bulk Fe to be neutral to slightly hydridic, we
remains 0.13 eV higher in energy at all reasonable concerflo not think such an analysis is relevant here.
trations. When we examine the details of the relaxation for Table Ill shows how the dissolution energgssentially
FegH, we find that the cell remains the same shape and onlihe heat of solutionof hydrogen in an Fe lattice converges
the first coordination shelfour Fe atomsaround H moves with the supercell size, i.e., how it varies with concentration.
outward by 0.06 A when H is present in the t-site. This dem-The lowering in energy by relaxation is not large, only
onstrates that H fits well in the t-site. When H is put in the ~0.10 eV for cells larger than kg indicating again that H
o-site, we find that both the cell shape and the first coordifits well in the t-site. The still-positive dissolution energy
nation shell around H undergo a tetragonal distortion. Thefter relaxation demonstrates that the dissolution of hydrogen
cell c/a ratio changes to 1.033 from 1.000, while the twoin bcc Fe is endothermic, consistent with the low solubility
closest(axial) Fe atoms in the first coordination shell move of H in bcc Fe. As the concentration of H decreases, the
outward by 0.17 A and the four-less-close Fe atqemua-  dissolution energies for both the relaxed and unrelaxed struc-
torial) move inward by 0.03 A. This distortion also propa- tures first decrease, reaching a minimum aggAeand then
gates to the second and third coordination shells. Thereforéycrease slightly. This increase after,fé is about the same
H in the o-site experiences a greater structural distortion thamagnitude as the numerical error in our calculations, which
H in the t-site does, which agrees with the above analysis df estimated to be~0.02 eV, so we do not consider this
site sizes. This required distortion is likely why the o-site is“minimum” in AE to be numerically significant. The disso-
less stable than the t-site. lution energies for relaxed structures vary only slightly with
In order to see if any electronic factors contribute to rela-H concentration(essentially converged at-0.20 eV for
tive site stability, we examined the charge density differenceé~e;,H), which indicates that H-H repulsions are essentially
for both t-site and o-site occupancies of the unrelaxggHre non-existent. The volume expansion actually is very small
cell (the minimum cell size where properties are conveyged(0.06%9 for Fe128 after a H atom is inserted in the lattice. In
and found charge transfer from Fe to H. Regions of largeorder to compare with experiment, we evaluated the ZPE
charge depletion around Fe atoms are rather localized armbrrection to the dissolution energy. Assuming the Fe atoms
limited to the first coordination shell of H. By integrating the to have infinite massi.e., the Fe atoms are fixed at their
charge density difference around H atom with a cutoff radiusequilibrium positiong the ZPE of H in the Fggcell is es-
of 0.8 A (which we find gives the largest amount chargetimated to be 0.234 eV/atom. The ZPEwtH, is 0.133 eV
transfey, ~0.12 e and~0.11 e are predicted to transfer from and therefore, the ZPE-corrected dissolution energy is calcu-
Fe to H for the o-site and t-site, respectively. Thus a differ-lated to be 0.301 eV/atom, which agrees extremely well
ence in the amount of charge transfer is not the reason for theith experimental valu€ of 0.296 eV/atom and previous
site preference. The amount of charge transfer we find agre¢$SPP-DFT-GGA results by Miwa and Fukumatb.

TABLE lll. Dissolution energiegAE) of hydrogen in the t-site of bcc Fe with decreasing H concentrdt@p for both unrelaxed and
relaxed structuregor the unrelaxed structure, a=2.86 And percent change in voluntAV). For the theoretical dissolution energies, the
ZPE-corrected values are in parentheses.

Method Supercell Cy (at.%) AE, unrelaxedeV) AE, relaxed(eV)) AV (%)2

Current work FeH 33 0.45 0.20 115
FegH 5.9 0.27 0.16 2.10
Fe;H 1.8 0.28 0.19 0.57
FepgH 0.78 0.29 0.2(0.30 0.06

USPP-GGAR FeygH 5.9 0.190.30

Experiment 0.296

aThe volume increase of the relaxed,Recell with respect to the relaxed feell.

PRef. 20.

‘Ref. 10.
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distance(dy_ge for hydrogen in subsurface t-sites of(E&0) and

l‘ | ‘ TABLE IV. The H-surface distancéd,_g) and the closest H-Fe
< £ - Fe(100).

Feg110) Fe(100

dy-s (A) 1.46 0.35
dy-re (A) 1.66 1.68

(@)

follow to go from surface to subsurface. First, we sketch the
FIG. 2. (a) H in the t-site of the FeL10) subsurface antb) Hin  energy landscape for H in the bulk, surface, and subsurface
the t-site of the RE.00) subsurfaceH in dark and Fe light gray in Fig. 3, with the energy of a thick slab of Fe plus one half
of an isolated H molecule set as zero. We can see that H
C. Hydrogen absorption in the subsurface of Fe(110) adsorption on F410 is 0.71 eV exothermic, while H ab-
and Fe(100) sorption in the subsurface of @4.0) is 0.29 eV endother-
o ) mic. H adsorption on K&00) is 0.38 eV exothermic, and H
After finding the site preferences for H on (860 and  apsorption in the subsurface of (B60) is 0.04 eV exother-
Fe(110) and in bulk Fe, we determined the relative stabilities pjc. Figures 4a) and 4b) show how H can diffuse into
of sites for H just below the surface and the barriers to aCrg110) and F€100) subsurfaces, respectively. H has to over-
cessing those sites from the surface. Since the number of thggme a barrier of 1.02 eV on FE0 and 0.38 eV on
nearest-neighbor Fe atoms is the same for H in subsurfagey100) to diffuse into the subsurface, due to the significant
sites as for H in bulk Fe, it is not particularly surprising that endothermicity(1.00 and 0.34 eVencountered in each case.
H prefers the t-site to the o-site in the subsurface region, justhis demonstrates that it is much easier for H to diffuse into
as in the bulk. However, as we will see, the relative equilib-the subsurface of F£00) than that of FEL10), probably due
rium positions of H atoms in the subsurface regions differig the lower packing density of the @®0) surface. The
substantially from that in bulk Fe, as does the magnitude ofeverse process, i.e., surfacing of H from the subsurface, has
the energy difference between the o-site and the t-site. a barrier of 0.02 eV for F&10) and 0.04 eV for FE00),
Two types of t-sites exist between_ the surface_— ano|ndicating the ease with which H can move from subsurface
subsurface-layer Fe atoms of(E&0). The first type consists tg surface regardless of surface orientation.
of three Fe atoms from the surface layer and one from the after H goes into the subsurface, H can penetrate deeper
subsurface layer, while the second type includes one Fe atoghqg reach a bulk environment. Figure 3 shows that it is
from the surface layer and three from the subsurface layegownhill by ~0.10 eV for H to go from the R&10) subsur-
The first type is closer to the surface than the second typ&gce into the bulk, while it is uphill by~0.24 eV for

We found that the H atom spontaneously moves up to thgg100). As we shall see in the next section, the intrinsic
surface threefold site after it is initially placed in the first

type of t-site, indicating that there is no local minimum for H in the
that type of t-site. However, the second type of t-site is a subsurface of
local minimum for H. There is only one type of o-site in the Fe(110)
subsurface region of F&10). Its energy is only~0.02 eV
higher than the t-site. This energy difference is smaller than
in bulk Fe(~0.13 e\). The reason may be that the distortion
caused by the o-site occupancy of H in the1H€) subsur- 00
face is reduced because three Fe atoms of the first coordinég ™ Fe + %2 H,
tion shell of H are in the surface layer. For(EB0), there is H in the
only one type of t-site, and it is a local minimum for H. The subsurface of | 38 gv
o-site closest to the F&00) surface exists within the subsur- 0.71eV Fe(100)
face Fe layer; its energy is0.50 eV higher than the t-site.
Figure 2 displays the structures of the two subsurface
t-sites for F€110) and F€100), which are local minima, and
Table IV contains the structural parameters for the two sites.
We predict that H is buried deeply in the subsurface of
Fe110), with the surface Fe atom coordinated to H being
pushed toward vacuum by 0.16 A. The subsurface site of H
in FE(100) is only slightly below the surface layer, with the
two surface Fe atoms coordinated to H pushed apart laterally rG. 3. Energy landscape for H in bulk Fe, and the surfaces and
by 0.21 A, subsurfaces of K&10 and F€100). Zero-point energies are ex-
Now that we have established site preferences for H oluded. The energy of a thick slab of Fabeled here simply as Fe
Fe(110) and F¢100) and in their respective subsurface re- with either(110) or (100) surfaces plus one-half of an isolateg H
gions, we now characterize the diffusion path that H maymolecule is set as zero.

H / Fe{100)

H/Fe(110)
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0.8

0.6+

Energy (eV)

0.4

0.2

0.0

00 05 10 15 20 25 830 0.0 05 10 15
Reaction coordinate (A) Reaction coordinate (&)

(@) (b)

FIG. 4. Minimum energy path for hydrogen diffusion into the Fe subsurface region and several intermediate structures alongahe path:
into F&110) and(b) into F&100) (H in dark and Fe in light gray Note the difference in scales between axegjrand (b).

barrier for bulk H diffusion is<0.05 eV; therefore it is suf- D. Hydrogen diffusion through FM bcc Fe

ficient to approximate the barriers by the endothermicity be-  Gijven that H has already diffused into bulk Fe from the
tween reaction steps. Therefore, the large initial barrier for Hsurface, we now investigate various possible diffusion paths
to go into the subsurface of B0 inhibits H incorporation, in bulk Fe that H may follow, using a kg supercell. We
while the two relatively small barriers~0.30 eV) allow H first considered a direct hopping path between two neighbor-

to be more easily incorporated via thE00) surface. ing t-sites. Referring to Fig. (&), such a path involves H
010 JH ﬁ
°Fe
0-08- m
S 0.06 ;
®
0.04}
0.02+
® Metal atom 000l ; ; . 3 )
O Octahedral site ’ 00 02 04 06 08 10 12
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moving, e.g., from t-site 1 to t-site 2 or 4. Starting from a surface(0.088 eV in our cagewhile AZPE is the difference
linear interpolation guess for the MEP, stretching from initial in zero-point energies. The exponential teiffE+AZPE) in
to final t-sites, Fig. Bb) shows the energy profile for the EQ.(3) can be interpreted as a ZPE-corrected diffusion bar-
converged MEP. We find a diffusion barrier of 0.088 eV. rier. Since the minimum energy configuration contains one
Using harmonic transition-state theéfyn the classical limit more degree of freedomAZPE is usually negative
and the random-walk model of interstitial diffusion in a bcc (~0.046 eV in our caseleading to a decreased barrier. We
lattice® D, in the Arrhenius expression for the temperature-obtain a ZPE-corrected diffusion barrier of 0.042 eV, indi-
dependence of the diffusion constadtED,exp-E,/kgT)  cating that the diffusion barrier is lowered by ZPE as tem-
can be expressed =3Iy M. Here,n s o BEfeLe decreases Moreoer, e preexponenta) faco i
?4e ?;?e;r;ﬁiw;aﬁggo&: it:(t:"hg?Tn?srleogg?ﬂugﬁé?gtng?grgathsof isotope mass or host Iattice. propert[es. This has been
’ . P i shown to be in fair agreement with experiment above 250 K
the real normal mode frequencies at the initial state and th

i . . . ef. 50. To compare our ZPE-corrected diffusion equation
transition state, respectively. Our calculations predict with a specific measurement, we use Grabke and Riecke's

work that yielded a barrie(0.043 eV} closest to our ZPE-
corrected barrier, so that we may focus on compaiing
The diffusion coefficients of H in Fe from numerous from experiment and theod. They employed an electro-
measurements show a large scatter, since H is easily trappetiemical permeation method to study H diffusion in very
by impurities in Fe. Higher diffusion coefficients are ob- pure Fe in the temperature range of 283-348 and obtained a
tained for purer and better recrystallized Fe samplesDo of 5.12xX10°® m?s™. Using an average temperature of
The resulting experimental diffusion barrier depends signifi-315 K, we obtain from Eq(3) a pre-exponential factor of
cantly on the purity of Fe used for the study. Typi&@| 4-4x10°m?s™, in good agreement with experiment.
values range from 0.035eV to 0.142 eV am} from Figure §b) also shows the local structures along the MEP
3.35x108m2s! to 2.2x107 m2s! for H diffusion in  for H moving from t-site 1 to t-site 2. The local structure of
bce Fe, as compiled by Hayashi and $Hisom ten research the transition state shows that H is at the center of the tri-
groups around the world, for temperatures as low as 233 kangle comprised of Fe3, Fe5, and Fg8g. 5c)]. To see
Our predictions ofE, and D, fall into the experimental Whether H moves linearly from t-site 1 to t-site 2, we plot the
range. coordinategx and y) for all the images in Fig. @l). One can
Around room temperature, quantum corrections to the difsSe€ that the path is not linear, but curved toward the o-site in
fusion barrier should be necessary to account for the disthe centefthe path is schematically shown in a curved line
creteness of H vibrational modes in the metal lattice. Thidn Fig. S@)].
can be accomplished by using quantum partition functions in We also explored another diffusion path in which H
classical transition-state theory, as shown by Le CHre; moves from t-site 1 to t-site 3 via the o-site in the middle
Ebisuzaki, Kass, and O'Keef§;and Katz, Gvinan, and [Fig. 5@]. We find that the path is linear, the o-site is a
Borg4® The modified classical theory of overbarrier jumps saddle point, and the diffusion barrier is 0.12 eV, which is
by Katz, Gvinan, and Borg has been shown to give a plaufust the energy difference between o-site and t-site shown in
sible description of H diffusion in bcc metals above 250 K Table 1l. Analysis of the Hessiagenergy second derivatiye
(Ref_ 50, so we use their approach here. One assumptiomatrix shows that the o-site is actually a rank-2 saddle point,
they make is that the lattice vibrations are decoupled fron$0 it is not a true transition state. Walch also found that the
the localized H vibrational modes. We think this assumption0-site is actually a local maximum for H in his Hartree-Fock
is reasonable for H diffusion in bce Fe due to the much largefluster study. We note that the t-o-t diffusion path has been
mass of Fe than that of H. The way we obtain H vibrationalProposed to contribute to the increase of the diffusion barrier
frequencies is actually based on this assumption, i.e., wat higher temperatures by some experimentatists.
only allow H to move when the finite-difference frequencies Quantum diffusion can be the dominant mechanism for H
are calculated. Kef® simplified the equation from Katz, diffusion in metals at low temperature’>* Several quantum
Gvinan, and Borg based on another assumption that the latheories of light atom interstitial diffusion in metals have
tice vibrations are the same in the minimum energy andeen developed, such as the small polaron tfééhand
saddle-point configurations. For bec metals at room tempera2honon-assisted tunneling the#ftyo understand H diffusion
ture, the limit ofhu,>kgT usually applies, wherey, is the ~ in metals at low temperatures. However, the crossover be-
frequency of the localized H vibrational modes. We find fortween the classical and quantum regimes of hydrogen diffu-
bcc Fe thathy, ranges from 0.12 eV to 0.24 eV, which is sion in bulk metals is not as straightforwardly obtained as
indeed much greater thaksT at room temperaturg(  thatfor H diffusion on metal surfacé->?Quantum-diffusion

~0.025 e\J. According to Keh#? in the limit of hu,>kgT,  theories have been applied mainly to H diffusion in metals,

D=1.5X 107 exp(— 0.088 eVkgT) m?s ™. (2

the diffusion coefficient can be expressed as such as V, Nb, and Ta, where low-temperatiwel0 K) data
are availablé? However, such data are lacking for Fe, partly
_n_,keT _ due to the extremely low H solubility in bcc Fe at low tem-
D= 6a h exd - (AE+ AZPB)/kgT]. (3) peratures.

Our results indicate that H has a high mobility in bulk bcc
Here AE is the energy difference between the saddle poinFe while it prefers to stay on the surface instead of the bulk.
and minimum energy configuration on the potential energyTherefore, defect-free Fe will not effectively retain H in the
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bulk to affect its mechanical properties. Trapping sites be©.088 eV, in agreement with experimental values that show a
come important here. One type of trapping site is a vacancyather large uncertainty0.035-0.14 ey, caused by the
which can retain H atoms. Recently, Tateyama and &hno large scatter in the measured diffusion coefficients. Taking
studied H-vacancy complexes in bcc Fe with periodic DFT-into account the quantum discreteness of localized H vibra-
GGA. In agreement with our work, they found that H residestions, we obtain a zero-point-energy-corrected barrier of
in the t-site of bcc Fe with a-0.30 eV heat of solution. 0.042 eV with a preexponential factor 6f4x 108 m?s™,
Moreover, they found that the monovacancy{H,) con-  in good agreement with room temperature measurements.
figuration is the most favorable among all the ¥t from 1~ We find that H does not utilize a straight-line trajectory, but
to 6) complexes, instead of VfHas conventionally accepted. rather hops from one t-site to a nearby t-site by a curved path
Interestingly, this VH configuration can be related to our distorted toward the o-site. We also find that diffusion via the
investigation of H on FA00). Suppose the monovacancy is o-site has a higher barrier and involves a rank-2 saddle point,
at the body center of the bcc cubic unit cedee Fig. L H suggesting that diffusion will not occur through the o-site.
atoms will reside in between the body center and the face Our study offers the following general conclusiofig:H
center for VH. If we think of this monovacancy as an inner prefers to stay on Fe surfaces instead of b(ll;Fe is a poor
surface, H atoms actually reside at hollow sites of the inneendothermic absorber of hydrogen because of the smallness
surface, which resembles @#©0. The VH, state has a for- of the interstices in Fe(ii) the diffusion of H into Fe sub-
mation energy of-0.30 eV/H exothermic, which is actually surfaces is much more difficult than the reverse prog@ss;
very close to the adsorption of the H atom in the hollow sitethe diffusion of H into Fe subsurfaces has a much lower
of Fg100) (Table I). So our work provides a sound basis for barrier on F€L00) than F¢110); (v) the mobility of H in pure

the results found by Tateyama and Ohno regardindcc Fe is very high due to the low diffusion barriévj) the

H-vacancy complexes in bcc Fe. all-electron DFT-GGA approach yields adsorption, dissolu-
tion, and diffusion energetics that agree quite well with ex-
IV. SUMMARY AND CONCLUSIONS periment, while providing a clear picture of the diffusion

o pathway and the reasons behind hydrogen’s low solubility in
We performed all-electron periodic DFT-GGA calcula- g

tions of the adsorption of H on FE00), the absorption of H Because of the importance of understanding H embrittle-
into F100 and F€110) subsurfaces, and the dissolution ment of steel, H in Fe has been the subject of intense study.
energetics of H in ferromagneti&€M) bcc Fe. We also stud- The uniqueness of the H/Fe system lies in the very small
ied the diffusion of H into bulk Fe from K&10) and F€100)  |attice parameter of bcc Fe, namely, the small interstitial
and the diffusion of H in bulk Fe. We find that H prefers the gpace yet close nearest-neighbor interstitial distance, which
threefold site on Rd10) and the fourfold hollow site on |eads to low H solubility but high mobility. As a result, H
Fg100. For H in bulk Fe, we show that H prefers to stay in yj| quickly migrate to surfaces or reach trapping sites,
the t-site; the o-site may be destabilized because of the largghich could be crack tips, vacancies, grain boundaries, or
expansion of the lattice required in order to accommodate thgjioying elements. In this case, even small concentrations of
H atom. The dissolution energy of H in the t-site changesy can act as a strong embrittler because the local concentra-
only slightly with H concentration, indicating a lack of sig- tions at crystalline defects could be high. These ideas of how
nificant H-H interactions in bulk Fe. The dissolution energyy is aple to embrittle Fe may be relevant to hydrogen em-
of.H in t_he t-site is calculated to be 0.30 eV/atom endOth_erbrittlement of transition metals from groups 6 and 8<ds-

mic, which agrees very well with experiment and an earliercept Pg in the periodic table. These transition metals have
DFT-GGA prediction. Slight charge transfer o0.10 e from  rejatively small lattice parameters compared with other tran-
Fe to H is found for both the o-site and the t-site. For H ingjtion metals of the same structure, and they all show a posi-
Fe(110) and F100 subsurfaces, we find that H stays at atjye enthalpy of solutioi2 However, our general conclusions
t-site ~1.46 A below the surface FE10) layer, but only  regarding H/Fe energetics may not be relevant for transition
~0.35 A below the surface FE00) layer. Diffusion to sub-  metals in groups 3-5 or lanthanides, which tend to have large

surface layers is endothermic in both cases, with barriers qftiice parameters, high H solubility, and form hydrides at

much easier for H to diffuse into bulk Fe from ttj&00)
surface than from th€l10) surface. The reverse process of H
diffusion from F¢110) and F€100) subsurfaces back to the
surface has only a very small barrief0.03 eV. For a very We thank the Army Research Office for funding and the
dilute concentration of Ha Fg,g supercell, the minimum  Maui High Performance Computing Center and the NAVO
energy pathMEP) of bulk H diffusion shows a barrier of MSRC for CPU time.
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