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Comment on a critiqgu e of the instantaneou s normal mode (INM)
approac h to diffusio n [J. Chem. Phys. 107, 4618 (1997)]

T. Keyes, Wu-Xiong Li, and U. Zurcher

Chemisty Department Bosta University, Boston Massachusetts 02215

(Receive 20 Octobe 1997 acceptd 12 Jure 1998
[S0021-960608)51835-]

Gezelter Rabanj ard Berné (GRB) ask “Can imagi-
nary instantaneosinormd moce frequencis predia barriers
to self-diffusion?’ Their answe is unreasonalyl negative.
INM theowy of the self-diffusion constant D, employs the

ided tha Im-w modes are manifestations of barrier crossing.

The first paperd demonstrat proportionaliy betwea D
and the fraction of Im-w modes,f,,,, in Lennard-Jong(LJ)
liquids, with a single constam of proportionaliy describirg a
wide range of T and P. A more complee theory? with no
adjustabt parameterded to goad agreemenwith simulated
D at p=1.00 from supercooled=0.68 to T=20 (all LJ
units), and is also in accod with simulatel barrier crossing
rates obtained by RGB for 2.0>T>0.68 Ribeiro and
Madde? (RM) find D~f,, to be “quantitative” in molten
salts However in crystak or in supercoold liquids nea the
glass transition Ty, D~0 but “nondiffusive” (ND) modes
persist Severh method hawe bean proposeé to remoe the
ND-INM.

Exponentih T-dependene of D in LJ, p=1.00, 0.68
>T>0.33 was obtained by treatirg modes with |Im-w| less
than a cutoff w, as ND. In CS,, P=1atm simply
subtracting the modes remainirg at Ty as ND, f,(T)
—fim(M—f,(Ty), leads to excellert D(T) in the supercooled
liquid. Dividing% the Im-w into double-wel(DW) and shoul-
der (SH, shoulde in a globd single well) modes via their
potentid energy profiles U(q) yields obvious candidats for
diffusive and ND modes Delocalizel DW vanis at T, in
atomic systens ard the DW exhibif the postulated cutoff
w¢. RM obsene diffusion in Agl in the absene of DW, but
both D/f,,, and dD/df,,, are much smalle (RM, Fig. 3) than
for Nad which does have DW. A subse¢ of the DW, “zero
force” (ZF, force alorg a mocke less than a cutoff valug
modes accurate} gav€ D in a normd LJ liquid.

GRB show tha all the crystd ZF and mog ZF in the
coldes supercoold liquid are ‘“false-barriers’ (FB);
guenchs from both minima in U(q) drain to the sane local
minimum of the N-body potential Thus GRB argte tha D
canna be reliably calculatel from ZF modes nor from any
othe propose diffusive modes We disagree:

(1) GRB conside LJ only. While they acknowledg that
“...the situatim may be more comple for molecula lig-

uids,” we asser tha the situatian is clearly more favorable
to INM in molecula liquids. Considet® LJ at p=0.85, and
CS, ard wate at P=1 atm; the double-well/shoulderatio
faw! fsn @t the freezirg point hasthe values 3.8, 1.1, and 0.45.
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Referene 6for LJ, p=1.00 shows|,~fpyy a T4 with nei-
ther vanishing subtractig the smal nhumbe of SH as ND
has a negligible effect In shap contrast! wate has f,
~fgn, ard fpw=f;m—fsr~0 at the kinetic glass transition’®
T., while f,, is substantigl subtractiig the SH leads to a
quantity which mirrors the diffusion constantLJ with short
ranged radid interactiors has® a large fraction of Im-w,
DW, and ND DW modes while network-formirg wate has a
low fractiors of all three CS, is intermediate.

We suggestetf tha coupling to rotation was causing
spuriots translationAND in CS, ard calculat@ “pure trans-
lation” (TR) INM from the Hessia of derivatives with re-
spet to center-of-mas coordinates Figures 1 and 2 show
tha the TR Im-o densities of state§DOS vanish at
T,~100K ard alsoin the a-fcc crystal;f{(T) mirrors (Fig.
2) D(T) in the liquid. The behavia of the DW modes of
wate and of the TR Im-w modes of C$is exacty what one
would hope to see in aborafide indicata of barrier crossing.
For the three substance considerd “diffusive’’ modes are
more easiy selectd as the complexiy of the potentid in-
creasesThe a-fcc crystal is slightly higher in energy than
the orthorhombe structue but the latter has (see the accom-
panyirg Comment more Im-w modes. A better understand-
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FIG. 1. Im-w pure translation densities of states vs frequency ¢lshown
as —o, ps ) in normd ard supercoold liquid CS, P=1atm a T
=298 K (larges peak, 244 K, 193 K, 135 K, and 100K~T, (no Im-w
modes.
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FIG. 2. Fraction f X of pure translatio Im-w modes in C$vs T for normal
and supercoold liquid (solid line), ard for a-fcc crystal and normal liquid
(large dash; smal dashe are liquid-stae D(T) matche to fJX a T
=244 K. Liquid at P=1atm, crystd at same densiy as liquid at eat T.

ing of INM in crystak will be instructive particularly of the
relation to the stability of phonors in simulation models but
our focus is liquids.

(2) While ND are plentiful in LJ, that is insufficiert cau® to
reje¢ INM theoy of D. GRB’s attituce is tha INM are
unusabe if they are tainted with any ND modes However,
all we require is tha ND do not dominae D(T). If the T-
dependene of the ND is week or similar to that of the dif-
fusive modes there is al littl e difficulty.

At p=1.00,T=1.0 GRB(Fig. 7) shows that the ZF DOS
is considerabt greate than the FB ZF (nondiffusive DOS;
diffusive modes probaby dominae for T>1.0, so the suc-
ces of INM theories is no puzzle As T falls from 1.0 to
0.89 the fraction of FB rises but mug fall agah as T—0.
The numbe of FB ZF is the ZF number decreasig with
increasilg T, times the fraction This is roughly consistent
with a weakly T-dependenhse of FB a low T. The T-
dependene of FB is also sea in the low-T plateai in the
prefacto a(T), GRB, Fig. 3, which they ascrite to FB domi-
nance Converselywe would say tha as T isincreasd above
the platear regin (T>0.75 FB becone unimportant.
Atomic systens are the worg ca® for INM but, even sg, the
currert theories of D reman useful.

(3) The functiond form of the simulatel Im-w DOS in LJ
liquid, p=1.00, i$® ~w exp(-wiT) a T~10 and
~o exp(-w'T? a T~T, with crossove occurrirg at T
~3, leadindg® to a crossove of D(T) from exp(—E/T)
(Arrheniug to exp(—E%T?) in agreemen with many
experiment¥ and which has been related®*°%to the poten-

Letters to the Editor

tial enery “landscape.” RM find tha the dos for ions with
freer motion exhibits the high-T form and vice versa We
hawe analyticaly reproducetf this behavior and found the
cutoff w. for DW, by treatirg the INM as locd excitatiorsin
the soft potentid model?® Fits to the limiting high-T and T
~T, analytica forms'® yield the crossove T with nothing
adjustable and we obtan T~2.8 in goad agreemenwith
simulation The theory>*®invokes barrig crossim in an en-
sembek of one-dimensionau(q). The straightforwad con-

clusion is tha the Im-w dos is understandable in terms of

one-dimensioriabarrig crossing.

GRB write “W e give evidene of the lack of validity of
mary of the key assumptios of the INM theory.” The
theol stand on its own, and we hawe not see sud evi-
dene from GRB. Their Figs 7 ard 3 help explan why, for
T>(0.75-1.0), FB are nat fatd in LJ. GRB Fig. 1 shows
tha the approab of Ref 5, using ZF modes reasonably
represergD(T) for the normd LJliquid at p=0.84 and 0.94
ard yields half of the discontinuiy in D upan melting at p
=0.94 It is likely, had GRB simulatel D(T) in the super-
coold liquid, tha the goad agreemenwould continue In
ary evert we hope it is clea tha LJis apoar startirg point
for a gener& evaluation of the INM approach Finally, we
hawe acceptd the FB analyss for the sale of argumentbut
it mug be noted tha the U(q) are calculated® without
changimg the INM eigenfunctios as the particles move and
the relevane of the fate of quenchs from their two minima
is yet to be established.

This work was supporté by NSF Grans Nos CHE-
941525 ard CHE-9708055.
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