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Diffusion of Boron in Copper by Direct-Exchange Mechanism
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The behavior of B impurities implanted into Cu single crystals has been investigated by means
of b radiation detected nuclear magnetic resonance and cross-relaxation spectroscopy. Diffusion of
substitutional B (Bs) in Cu is observed in the temperature range ofT ­ 600 750 K. By combining
information from new and formerly published data it is shown that this diffusion is not mediated by any
other defect; it rather takes place by a direct site exchange between Bs and neighboring Cu atoms. To
our knowledge Bs in Cu is the first system for which this long discussed diffusion mechanism has been
established experimentally. [S0031-9007(96)01798-X]
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Three basic microscopic mechanisms are usually c
sidered for the diffusion of substitutional impurity or ho
atoms in crystals: the vacancy mechanism, where
moving atoms jump into a neighboring vacancy, the int
stitialcy mechanism, where a substitutional atom is pus
from its site by an arriving interstitial atom and regai
a new substitutional position in similar fashion, and t
direct-exchange (DE) mechanism, where two neighb
ing atoms or a ring of atoms simultaneously interchan
their positions [1–5]. While the first two so-called in
direct mechanisms are well established for a multitu
of systems, the DE process has never been verified
perimentally until now. This is in contrast to theore
cal calculations which give arguments for this mechani
to occur in semiconductors [6], ionic crystals, and met
[7,8]. In this Letter we report the first experimental ide
tification of vehicle-free substitutional diffusion by th
DE mechanism.

The system under study is single-crystalline Cu w
isolated B impurities introduced by ion implantation. O
discussion will be partly based on recently measured d
but to a large extent will make use of results by McDo
ald and McNab [9] and of our group [10] that have be
published several years ago but whose relevance for
diffusion process has not been discussed before. The
perimental technique in all studies was the so-calledb ra-
diation detected nuclear magnetic resonance (b NMR),
partly in conjunction with cross-relaxation (CR) measu
ments. After introducing the method we will present t
data and show that at appropriate temperatures part o
implanted B nuclei do occupy substitutional lattice sit
and are mobile on these sites. In the remainder of
paper we will discuss the possible contributions of a
defect mediated diffusion and will see that these can
excluded, leaving the DE as the only remaining diffusi
mechanism. Already at this stage we want to point o
however, that we have no way to decide whether the
dividual jump process involves just a substitutional bor
(Bs) and one neighboring Cu atom, or a ring of atom
containing the Bs andn Cu atoms (general arguments [
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and molecular dynamics simulations for pure Cu [7] fav
the ring exchange with typically five Cu atoms). Even
third scenario, where a ring of Cu atoms moves aro
a Bs, which itself does not actually change its positi
but acts as a catalyst for the ring diffusion, would be u
distinguishable.

b NMR is a well established nuclear technique
defect physics [11,12]; we therefore restrict ourselves
a brief outline. b active12B probe nuclei with a lifetime
tb ­ 29.3 ms and a nuclear spinI ­ 1 were created in
the nuclear reaction11Bsd, pd12B in a thin boron-targe
foil irradiated with a beam of 1.5-MeV deuterons fro
an ion accelerator. The recoil ejected12B nuclei were
spin polarized along an external magnetic fieldB0 by
selection of a recoil angle of45 6 8± relative to the
incident beam and implanted into the Cu crystal w
broadly distributed energies from 0 to 450 keV. Th
the concentration profile was rather homogeneous u
a maximum depth of about 0.7mm. The total number
of 12B nuclei being simultaneously present in the sam
never exceeded104, corresponding to a concentratio
of 108 cm23 or a mean separation by about105 lattice
constants. Not only the probe nuclei themselves but
their respective implantation-damage cascades were
well isolated from each other. The detected quantity w
the angularb-decay asymmetry which is proportional
the nuclear spin polarizationP.

Two different experimental approaches have been
plied. McDonald and McNab [9] observed resonan
signals caused by irradiation of a depolarizing ra
frequency field. These data we will henceforth refer
as NMR spectra. In our experiments additionally C
spectroscopy was applied. Here we have the follow
situation: The12B probes are stopped at highly sym
metric sites with unperturbed cubic surroundings (
below), and their energy levels exhibit pure Zeeman sp
ting. The neighboring Cu nuclei, however, are subj
to an additional quadrupole interaction due to an elec
field gradient (EFG) caused by the B impurity. Just
presence of this additional interaction makes it poss
© 1996 The American Physical Society
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that for certain finiteB0 values the required energy for
jDmj ­ 1 transition is equal for both spins, i.e., a “flip
of the 12B spin can energetically be balanced by a “flo
of a neighboring63Cu or 65Cu spin. TheseB0 values are
determined by magnitude and orientation of the induc
EFG’s and therefore depend sensitively on the prob
lattice sites and on the crystal orientation with respec
B0. The necessary spin coupling for these flip-flops
provided by the mutual dipole-dipole interaction (DDI
From a comparison of measured and calculated CR
positions an unambiguous determination of the lattice
cation is possible. Further, the line shape of a CR
is affected by diffusive motion. The full width at ha
maximum (FWHM) DB0 of a CR resonance is give
by [10]

DB0 ­ S
q

s1ytb 1 1ytcd2 1 4v
2
DD , (1)

where vDD is the DDI matrix element in angular fre
quency units and the prefactorS is completely determined
by known parameters of the spin Hamiltonian. The d
fusional correlation timetc, the mean time between tw
successive jumps of12B, limits the time of coherent inter
action for a given set of spins. If the jump ratew ­ 1ytc

becomes much larger than the matrix element a lifeti
broadening of the resonance takes place and eventua
vanishes [13]. More details of the theoretical treatmen
CR are given in Refs. [10,12].

The essential experimental information on B in Cu af
implantation is compiled in Fig. 1 where NMR spect
from McDonald and McNab [9] are shown together wi
selected CR data (partly from Ref. [10]) for variou
temperatures. The interpretation of the line shapes
positions in both types of spectra is as follows. (1)
T ­ 300 K all probes end up in unperturbed octahed
interstitial sites. This was argued already from a dipo
linewidth analysis in Ref. [9] but the first unambiguou
site identification came from orientation dependent C
measurements [10]. The CR data also tell us thatonly
interstitial boron (Bi) exists at this temperature. (2) Bi is
essentially immobile atT ­ 300 K. Its mean occupation
time at an individual position is long enough to sense
local DDI leading to inhomogeneously broadened NM
spectra and narrow CR lines. (3) At aboutT ­ 370 K
Bi starts to diffuse. The NMR line narrows, the CR lin
broadens homogeneously due to the limited interac
time for an individual Bi-Cu pair. Apart from a shift
of the line position due to the temperature depende
of the impurity induced EFG, which is the subject of
different paper [14], the CR pattern remains unchang
This proves that we are still observing the same defecti .
(4) From aboutT ­ 400 K on, part of the B become
substitutional. Once again, the site was first conclud
from dipolar linewidth analysis [9] and later confirme
by CR studies [10]. The transition is best seen in
CR data [Fig. 1(b)] where a new resonance emerge
T ­ 400 K. From the complete CR analysis in Ref. [1
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FIG. 1. NMR (a) and CR spectra (b) of12B in single-
crystalline Cu at various temperatures. (a) Polarization cha
vs irradiated frequency (relative to the Larmor frequencynL),
measured by R. E. McDonald and T. K. McNab [9] atB0 ­
5.0 kG with k111lkB0. (b) 12B polarization vsB0 for k110lkB0.
The data forT ­ 300 420 K have been measured previous
[10] in a different single crystal. The slightly differen
resonance positions in both runs are due to different cry
alignment of only a few degrees. The resonance obse
below T ­ 400 K is due to interstitial B, the one above 400
is caused by substitutional B. See text for further explanatio

we know that this particular resonance corresponds tos

interacting only with a neighboring63Cu nucleus with the
probe-host vector parallel toB0. (5) From T ­ 400 K
to about T ­ 600 K we have coexistence of diffusin
Bi and immobile Bs. While in the CR the Bi signal
has disappeared since the DDI has been decoupled
the rapid diffusion, it is still clearly present in the NMR
data. (6) Above aboutT ­ 600 K also the DDI of Bs

gets averaged out: The NMR line of Bs narrows, the CR
resonance broadens and eventually disappears.

The partial Bi ! Bs conversion aboveT ­ 400 K can
be caused only by the encounter of a mobile Bi with a
copper vacancyVCu from the implantation cascade: Bi 1

VCu ! Bs. Any alternative process, like the kick-out of
regular Cu atom or recombination with a thermalVCu can
be excluded since these reactions would lead to a c
plete rather than a partial conversion Bi ! Bs. The NMR
spectra show that during their diffusive walk only a certa
fraction of the Bi encounters a self-madeVCu. This picture
4785
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is in accordance with the known thermodynamical prope
ties ofVCu. With HF

V ­ 1.28 eV andSF
V ­ 1.6kB [4] for

the enthalpy and entropy, respectively, ofVCu formation,
we getcth

V ­ expsSF
V ykB 2 HF

V ykBT d ­ 3.7 3 10216 for
the thermal concentration ofVCu at T ­ 400 K. Clearly
this is far too low to account for any observable effect.

Figure 2 shows the homogeneous widths (FWHM)
the Bs-CR resonance of Fig. 1(b) vs temperature. The
homogeneous parts of the linewidths were obtained by d
convoluting the measured widths into homogeneous a
fixed inhomogeneous broadenings, the latter ones kno
from the NMR linewidths. As stated in Eq. (1) the broad
ening of the CR lines starting at aboutT ­ 600 K reflects
an increase in the Bs jump rate1ytc ­ ws. Included in
the figure is a fit of Eq. (1) assuming a simple Arrheniu
law for ws, ws ­ ws0 exps2HMykBT d, wherews0 is the
attempt frequency andHM the activation enthalpy for mi-
gration. As fit parameters we obtainws0 ­ 108.7s0.4d s21,
HM ­ 0.53s5d eV, and vDDy2p ­ 2584s64d Hz [15].
The jump rates extracted by means of Eq. (1) are p
sented in Fig. 2(b) together with the Arrhenius line ca
culated from the fit parameters. The attempt frequen
extracted from our data is unusually low. For the follow
ing discussion, however, only the absolute jump rates a
important and not their decomposition intows0 andHM ,
which is notoriously difficult if only a limited temperature
range is accessible.

We now turn to the question of the microscopic dif
fusion mechanism. From the uppermost NMR spectru
in Fig. 1(a) we know that up toT ­ 741 K the Bi and
the Bs resonances are well separated from each other.
a recent remeasurement (not shown) of that spectrum
T ­ 748 K and B0 ­ 3.5 kG we confirmed this sepa-
ration and found a frequency splitting ofDn ­ 450 Hz
between both resonances. Any cross jumps Bi ! Bs,
however, would lead to a motional averaging of th
splitting provided the cross-jump rate exceedspDn ø

FIG. 2. Homogeneous linewidths of the Bs-CR resonances of
Fig. 1(b) vs temperature together with a best fit of Eq. (1
Inset: Arrhenius plot of the extracted Bs jump rates.
4786
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1400 s21. On the other hand, we see from our activ
tion parameters thatwss750 Kd ­ 1.4 3 105 s21; there-
fore for at least 100 jumps, probably much more, t
Bs diffusion takes place in a pure Bs sequence without
any detectable back conversion Bs ! Bi: The diffusion
paths are independent of each other and do not mix. This
finding rules out, of course, the interstitialcy mechanis
and dissociation Bs ! VCu 1 Bi with subsequent kick-
out Bi ! Bs 1 Cui for the Bs diffusion.

ConcerningVCu and Cui as possible vehicles for the
Bs diffusion we will first consider the role of thermally
createdVCu and Cui. For two reasons we can exclud
contributions of thermalVCu’s. (1) If a noticeable concen
tration of VCu would be present throughout the lattice th
remaining Bi would completely convert to Bs, which is not
the case. (2) For Bs diffusion mediated by thermalVCu’s,
with concentrationcth

V and jump ratewV , an upper limit
for ws would be given bycth

V wV [16]. Calculatingcth
V

as before and usingwV ­ 1015 s 21 exps20.70 eVykBT d
[17] (this is also the dominating contribution to Cu se
diffusion at these temperatures) we find that the measu
ws exceeds this limit by factors of 500 (T ­ 750 K) or
even105 (T ­ 600 K). Regarding thermal Cui ’s the situ-
ation is even clearer since up to the melting point th
thermal concentrationcth

i is immeasurably small in metal
(see, e.g., preface of Ref. [4]). For illustration we c
take the formation enthalpyHF

i of Cui as the differ-
ence of enthalpies for Frenkel pair andVCu formation,
HF

i ­ HF
FP 2 HF

V ­ s4.1 2 1.28d eV [4], to estimate
cth

i ­ exps22.82 eVykBT d ­ 10219 at T ­ 750 K. We
therefore conclude that Bs diffusion cannot depend on
thermally createdVCu’s or Cui ’s.

Let us now assume that an athermally created defecD,
eitherVCu or Cui, from the implantation cascade mediat
the Bs diffusion. By use of the Monte Carlo codeTRIM

[18] we obtain a number of about 1000 Frenkel pairs th
each implantation event of a12B nucleus initially creates
under our experimental conditions. This number is su
stantially reduced, however, by athermal defect reacti
like recombination and agglomeration, and we end
with only about 50 to 100 so-called freely migrating d
fects [19–21]. Comparing this figure withwss750 Kd ­
1.4 3 105 s21, i.e., 4000 jumps per lifetimetb , we see
that a singleD would have to initiate many Bs jumps,
which implies the formation of a somehow bound defe
complex Bs ? D. Now, any nonrotating such comple
would necessarily go along with an EFG at the Bs because
of the lowered symmetry. Such an EFG, however, wo
result in a quadrupole splitting of typically 100 kHz i
the NMR spectra and is clearly not in accordance w
the observed narrow Larmor resonances of Fig. 1(a).
always rapidly reorienting Bs ? D complex is also im-
possible, on the other hand. A reorientation of Bs ? D,
rapid enough to motionally average the quadrupole int
action, woulda fortiore decouple the much weaker DD
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This process would therefore not broaden the CR lines
rather would terminate any CR at once. While we ha
worked out by now that static DDI and motionally de
coupled quadrupole interaction mutually exclude ea
other, suspicious minds might still think of an initially iso
lated Bs, at rest and with cubic symmetry, which sudden
traps aD and immediately starts rapid motion. The NM
signature, however, of this scenario would be a broade
NMR, from the initial Bs state with DDI, plus a motion-
ally averaged needle-like resonance from the final Bs ? D
state. AtT ­ 480 K, for instance, we necessarily had
see both these Bs structures (plus the Bi signal) in the
NMR, which clearly is not the case in Fig. 1(a). Th
rules out the last remaining possibility how an intrins
defectD from the implantation damage could be involve
in the Bs diffusion process. We would like to empha
size that the arguments in this paragraph equally excl
all models where unknown residual impurities in the C
crystals are brought into play.

In summary, we have shown that no intrinsic defe
like VCu or Cui , neither thermally nor athermally create
can serve as vehicle for the diffusion of Bs in Cu. By
exclusion of all alternatives we have to conclude that
Bs migration takes place via direct exchange of B a
Cu atoms.
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