
Does Macrsscopk Quantum 
Coherence Occur in Fearitin? 

S. Giiier ct  cil. (1 )  stuciied cla<sical and 
i lu~xn t i~n  m g n e t i c  p l ~ e n i ~ ~ n e n a  111 natural 
,xnd artificial ferritin proteins. If the mag- 
netic lnoineilt the ferritni molecules is 
hloclteci belo\v 5 K, ,I< Giiier et al. s l ~ o ~ v  in 
figure< 1 and 2 o i  their report (1 ) ,  then tlie 
ohserveci resonance at 14.3 mK, shown 111 

flgi~re 3 of their report, cannot he attrihuteLi 
to ~ ~ L I X X L I ~  c~scillat~ons of the  lnagnetic 
moment I-ietn.een tivo equilibrium orienta- 
t ~ o n s ,  ,xs stated by Gicier r t  al. T o  clarify this 
~'oint one shoulil co~lsiiier the time-cieyen- 
cieilt magnetism nf a siilgle Jom,xln particle. 

In the  abse~lce of a magnetic fielcl, the 
energy of a single cloinai~l particle i< mini- 
mireci when it< magnetic moment aligns 
with the ani.;otropy axis of the particle with 
the two opposite orientations being ecluiv- 
alent. These t ~ ~ ~ o  orientations are separ,xteil 
by a n  energy lxrrier, L:, ~vhere  C = KL., 
n.here 1' i< the volume of tlie pxt ic le  ancl K 
the  magnetic anisotropy constant charac- 
teristic of tlie material. T h e  overbarrier 
tra~lsitioll at temperature T is 

where w is tlie attelnpt frequent\- 011 the  
orcier of 1 GH; aiiil KT is the therm,xl 
enerq>-. If tlie thermal energy is larger t11,xn 
the b,xrrier height, the  magnetic lnoliiellt 
oscillates r,xpici17- pet wee^^ the tn.o orienta- 
tions, which corre<p-ioncis to .;uperyar,xmaq- 
iletic behavior. As T is lo~vered, tlie over- 
b ali l i l  t ~ a ~ i b i t l o ~ i  rate ilecreases esponen- 

tlally anci the m,xqnetic lnolnent heco~nes 
fro;en in a p,xrticul,xr ilirection. Tlie T at 
ivhich the lifetime of a certain orlelitarion 
1s of tlie order of the experilneiltal wiiido~v 
time, t;, i< called tlie blocking temperature, 
T,, where 

O n e  should espect, therefore, a linear scal- 
inq of the T, ~ v i t h  Potli the volume of the 
particle ,xnd the i n ~ e r s e  of the logarltlim of 
the  exverime~ltal  re<olution time t,. This 
.calinq has been observed in many systems 
incli~ding ferritin particles ( 1  , 2) .  

T o  observe quantum resonance, that is, 
back ,xnii forth iluantuln ~uiderbarrier tr,xn- 
sitions bet~veen the two opposite orienta- 
tions of the magnetic moment,  it is nece<- 
wry that all particle< 11a1.e the  saine zize ,xncl 
shape. T h e n  the barrier .;epar,xtlng the tn.o 
e i ~ ~ ~ i v a l e n t  orlentations 1s the Tame for all 
~'articles. Hone\-er,  a <ire distribution witli- 
in old\- 3';, n-hicli is Liiffic~~lt  to ol?tain 
experiinei~tall~-,  \\-oulil destroy the reso- 

n,xnce a i  a consequence of the exponential 
iiepenilence of tlie transitiL7n rate on the  
volume of tlie particle. 

Giiier zt (11 ,  state that tlieir yartlcles were 
groupeil by volume anci that the req~ured 
narrow ciistribution \\;as achie\~ecl ~vi thln  
eacli group, but Lxta to this effect u-as not 
pre<enteil. Xccorciing to figure 2 of the 
report ( 1 1 ,  particles of all Tile groupsare  
blocked below 5 K;  that is, no  transitions 
het~veen iiifkrent orientation< of the mag- 
netic inolnelit OCCLIL. (011 tlie tillle scale of 
tlie rn,xgnet~;atii~n experiment, from min- 
utes to liours. T h e  resoilallce freiluencies for 
the same sire qrouys in a milliltelvin (mK) 
experiment [figure 3 of ( I ) ]  ranee fro111 
megahertr to g~guhertz, n-liich <uqgest< that 
111 a mK regime, particles whose magnetic 
lnolliellts are blocked at 5 K exhibit quan- 
tum til i l~leli~lg of their ~ n a q ~ l e t i c  lno~neiits 
at a rate esceeiiiiig 1 l i l ~ l l ~ o ~ l  trrxli<itii)lis per 
seconii. This i< certainlv i~lcoilsisteilt with 
figures 1 ancl 1 of the report. Particle< c,xn- 
not tunnel and be hlockecl at the same time. 
Quantum trailsitiolis ,xt the ohserx-eil rate 
shoulil completely clestroy the hloclting at 
,xn\- T. 

T h e  observ,xtions of Giiler et  01. <houlil 
not he conf~~sei l  \\iith tlie simultaneous oh- 
servation of I~locking ancl tunneling in nat- 
ural ierritin obtaineil IT\- measurements of 
maqnetiration relaxatio~l (31, which iloes 
not recl~~ire ~ ~ l e n t i c a l  p,irticles. Natural fer- 
rltin h,xs ,x wide Lii<tri17~~tion ;if m,xgnetic 
cores r,xnging from 30 to SO X (2-4). In  
relasation esl-ieriments, one first maq~letires 
tlie <ystem, then reverses tlie field and fol- 
1on.s tlie tiine e~,olution of the magnetiza- 
tlon, nli ich consists of t11.o <cages. T h e  first 
st,xge corresponils to tlie r,xplii rotation of 
the  local lnaqiletiiatioil ~vhere  barriers are 
rerno~~ei l  by the tiel,i. This r,xpid stage stops 
\\-hen harriers start to ile~.elop. T h e  slolv 
<t,xqe, \vhich is esperimentally iletecteci, is 
caused 177. t l i e r m ~ l  overharrier or iluantum 
~ui~derharrier transitions. Starting with zero 
barriers, the s\-<tern automatically reaches a 
barrier for wl i~ch  tlie lifetillle of nietastable 
states eauals the observation time of the 
esperiment. A time logaritlimic lalv i< tlie 
most common ciepe~ide~ice esperimentally 
ohserveil for the time evolution of the maq- 
netization of such sy<tems. T h e  T ilepen- 
ileilce of the experimental curves normal- 
lzeil to the initial \,slue of the ma~ne t i za -  
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tion, the so called magnetic viscosity, re- 
flects the c11,xnqe in the mechanism 
re<ponsible for tlie relaxation process. T h e  
magnetic viscosity ,.Iepends o n  T in the  
r e ~ i m e  of thermal activation aiiil le\,els otf 
to a T-ii~~del'endent constant  due in tlie 

regime of quantum relaxation. This lias 
been observed in many Jifferent materials 
(5) anci in natural ferritin proteiil molecules 
(31, in ili~cxlitatlve ~xgreement with theory 
(6) .  I11 tliese systems tunne l~ng  occur< only 
111 tlie smalle<t l-i,xrticles, \ ~ ~ h i c h  15 reflected 
by the  fact that a small pxrt of the total 
inagnetl~ation i.; relaxing. For that reason, 
tlie Ploclt~ng ob<er\-eil in zero field cooleci 
mayneti:ation is not 111 disagreement with 
the tunneling interpretation because the  
blockiny is tlie result of tlie pre<ence of 
large ya~~ticles.  O n  the contrary, in s\-stems 
stuLiied hy Gider et al ,  the tliree statements 
about (i)  very narron- distribution, (ii) 
hlocking in tlie K regime, aliil (lii) quantluln 
resoilailce in the lnK regime, ,Ire i n ~ ~ t ~ ~ a l l y  
111COllSlstellt. 
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S. Giiler et cil. (1)  anci D. D. Xwschalom et  
al. ( 2 )  state tliat they have seen in,xcroscoy- 
ic q ~ l a n t ~ m  coherence (ivlQC) in ferritin. 
In otlier word>, all Fe3-- lilolnelits 111 the 
ant~ferrom,xgnetic core of tlie protein tun- 
nel bet~veen oppo~i t e  directions in perfect 
unison. Because superpos~tions of macro- 
scopically different st~xtes ilecohere rapidly 
in general, for h lQC to occul- in ferritin 
11-oulci be liighly singu1,xr. \Ye find the in- 
terpretation of the d,xta internally inconsis- 
tent and iml-ilau<ihle. 

In  tlie report by Gider et al. (1 ), the 
blockiilg temperature, T,, and tlie iloise 
spectrum, S ( v ) ,  are measilred for s e ~ ~ e r a l  
iron loadings. T, 1-aries from 5 to 15 K, ,xnil 
S (v )  is lneasilred at T 5 109 mK. T h e  peak 
freLluency vlc; in S(v)  is ,xscribeil to hlQC 
o n  the ground that it falls expoiie~~tially 
with p,xrticle ~ ;o lume  or iron lo,xdinq. Holv- 
ever, it is unlikely that s~vitching of tlie 
m,xgnetic inolnetit M call be therillally 
hlockeci below 5 K and reappear through 
quantum tunneling belon. 190 lnK (3). 
W h e n  h1QC occurs, tlie ai~tocorrelatioil 
function of h1 is approximately espressihle 
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a< cos(lt)ep". Both 1 and y depend o n  T .  
M Q C  call he said to go over mto incolier- 
ent  saitching u-hen y -- A.  Usually, dy/dT 
> 0, and though exceptions are knolvn for 
11-eak ohmic and certain superohmic e11v1- 
ronments, 11-e knolv of n o  evidence for such 
a n  environment hav i i~g  been addilced in 
ferritin. Even if the  peak in S(V) is ass~lilled 
to be <n.amped by background noise a t  an  
intermediate temperati~re of, 5a7, 500 mK, 
incoherent s ~ v ~ t c h i n g  should still be goinq 
on ,  and it is hard to see how the momelit 
call he thermally blocked. 

If one neverthele<s accepts that hlocki~lg 
and tunneling can happen at the Tame time, 
one  is led to unreasonable material param- 
eter values. Blocking requires a high energy 
barrier L', and h l Q C  then requires a corre- 
spondingly hiqh attempt frequency v,. (v, 
- - v,,,,, the antiferromagnetic resonance 
frequency.) T h e  formula< in the report ( 1 )  
call be r e n r ~ t t e n  as 

U > kTg 111 (v0nt~,)  ( 1 )  

Thus, out of the 35,000 ferritin particles in 
the exper~ment ,  MQC call he seen only 111 

those with staggered nuclear spill polariza- 
t ~ o n  p,, = 9.  This f r ac t~on  is foillid to be 
3.496, from the 2.25% natural ahi l~lda~lce  of - - 
"Fe, and the known ratio hv,,/ltT. T h e  peak 
polver absorption call he readil\- calcillated 
for one of the p,, = 0 particles, since T, the  
width of the  resollance (50 kHz), the  net 
nioment per ferritin (217 pB), and the ac 
driving fleld G)  are all measured 
d~rect ly  (2) .  It is f o ~ l ~ l d  that one call feed a t  
most 2.4 X 10p" \XI into a n  M Q C  reso- 
liallce (4) .  T h e  actual ab<orption i< Idp'' 
W, at lea<[ 4099 times larqer. R e ~ o n a n c e  
experime~its often absorb less than the  max- 
m u m  possible power; lie\\- one could absorb 
Inow than i< allowed is u ~ ~ c l e a r .  T h e  law of 
elierqy con<ervat~on forbid< it. 

Anupam Sarg 
Department of Physics and Astronomy, 

Northe~les te1.11 L:niversity, 
Evnnston. IL 60208, CSA 

In  Ecl. 1 ,  .ib is tlie time scale [stated as 
"seconds" in the  report ( I ) ]  on wl~icl i  
blocking is seen, and a, is a frictional pre- 
factor of orcier unity. In  Eq. 2,  the prefactor 
has been added, and it is an  inequality 
because the  effects of transverse anisotropy 
and llonrero net illoineilt have been left 
out. Taking a,TI, = 1 sec, and the o b s e r ~ e d  
values of T, anil v,,>, Eqs. 1 and 2 together 
yield coilservative lower boil~lds for L: and 
v,. For Fe loadl~iq 1909, with T, = 10 K, 
and vICs = 200 hfHr, we get vc > 2.2 TH;, 
and L7/k > 280 K. For Fe loading 3000, with 
T ,  = 17 K, and v,,, = 5 hlHi ,  we get V, > 
2.7 THi, and L7/lt > 490 K. 

T h e  bound value of 2.7 THz is unexpect- 
edly hlgh for a n  '4FhlR frequency and 
s h o ~ ~ l d  be compared w ~ t h  the knol\~n v ~ , ~ ~ ~ ~  
= 11.5 GHi for a-Fe,O,, whose structure is 
si~nilar to ferritin's mrith addl t~onal  Fei' 
ions. T h e  bounds also imply values for the  
ailisotropy and exchange fields: H, = 0.3 T 
and H, = 1.5 X 10". T h e  last value is 
particularly implausible. 

A graver difficulty ~ 1 t h  the  statenlent by 
the  authors of ( I ) ,  and ( 2 )  that they have 
seen that. hlQC arises from the size of the 
obser\,ed s i g ~ ~ a l  (4 ,  5).  For the  f ~ ~ l l y  loaded 
protein (2 )  \\,it11 4500 Fei' .s, v,,, = 1 hlHz, 
at T = 29.5 mK. hliissba~~er data yield a 5 0  
T hyperfine f ~ e l d ,  llnplying a Larmor fre- 
qLlency of v,, = 68  h,fH; for a '7Fe i l ~ ~ c l e a r  
spin. Thus, a single j7Fe would r e ~ ~ d e r  the  
two states in questloll nondegenerate by 68 
MHz, and give a relative M Q C  amplitude of 
1/68', practically iero. S ~ l n ~ ~ l t a l l e o ~ ~ s  flip of 
the Fe electronic and n ~ ~ c l e a r  lnoinents 
\\,ould preserve degeneracy, b ~ ~ t  the  ampli- 
tude for this IS f i~und  to be negligible (4-6). 
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Response: Tejada and Garg focus o n  the 
latter part of the report by Gider et nl. (1 ), 
\\zhlch described the lo\\,-temperature mag- 
netic dynalnics of synthetic ferritin parti- 
cles. They cluestion the interpretation for 
n h ~ c h  we ha\,e been offering evidence fils 
the last 5 years that hlQC is responsil?le fix 
important f e a t ~ ~ r e s  of the  1nK dylla~nics in 
ferritin. T h e  quantum tunneling model, 
~vhi le  not perfect in all respects, has suc- 
cessf~~lly explained and predicted a host of 
independent experilnental ohser\,ations of 
the  temperature, magnetic field, size, and 
d i l ~ ~ t i o n  dependellce of the ~nagnet ic  llolse 
and ac susceptibility of ferritin in the  mK 
regime. 

Tejada states that there is a n  mconsis- 
tency between the  observation in our report 
(1 ) of blocking in the  regime of a few K and 
t ~ ~ l l n e l ~ n g  in the  mK regime, and h e  implies 
that our freq~~ency-dependent susceptibility 
lneasllrelnents in the  I ~ K  regi~ne (1-4) are 
inconsistent w ~ t h  his relaxation measure- 

illeilts in the K regime (5). Co~is iderat io~l  of 
the sevarate exuerimental co~ id i t io~ l s  ill 
each set of measurements re~,eals c r ~ ~ c ~ a l  
differe~lces that remove auuarent ~ n c o ~ l s ~ s -  

L L 

tencie<. Blocking temperature< are typlcall\- 
obtained usine dc ~naeiletiratioil ineasure- 
ments in the pre<ence of a magnetic field o n  
the  order of 10 inT (1 ,  5, 6) .  A< noted in 
the report (1 ), there 1s a shift of the  hlock- 
ing temperature with field, which addition- 
al ineasL~rements show to  chanqe from -10 
K to -13 K 111 field< fro111 10 KIT to 109 
mT,  re<uectivel.i. In  contrast, our measure- 
ment< of frequency-depeilde~lt ac  suscepti- 
bility (1-4) \\-ere performed n.ith a maqnet- 
ic field o n  the order of n T  and with tern- 
17erature< as low as 30 inK-a difference of 
seven order< of magnitude in field and three 
orders of maenitude in temnerature. A n  
attempt to extrapolate from 10 m T  to 1 n T  
and from 10 K t o  30 lnK is il~~estioilable. 
Although the d y ~ ~ a m i c s  would lnost 11kely 
chanqe over such a large range, it is not 
possible to conclude from measurements at 
10 m T  aiid 10 K whether the particles are 
blocked in the classical sense at 1 n T  and 
3 9  mK. 

T h e  measurements of the amulitude of 
tlie ac susceptibility (4)  demo~istrate that 
coherent tunneling ( M Q C )  vanishes for 
fielcis exceeding -100 nT .  Similarly, if the 
sainple is not diluted at least by a factor of 
1000, the dipolar couplings ainoilg the fer- 
ritin particles will co~npletely suppress co- 
herent tunneling ( 2 )  (quite apart fro111 dif- 
ferences in the effective magnetic anisotro- 
pies). Thus the experiine~ltal coiiditio~i LIII- 

der v,,hich the blocki~iq temperature is 
measured ( l i~gl i  fields and low dilution) is 
such that the  two-level system is detuned 
and n o  coherent t ~ ~ n n e l i n e  can take tilace 

L 

under these conditions, even if the  obser- 
\,ation temaerature is lowered far below the  
blocking temperature. Thus, the  fact that 
the  blocking temperature is much higher 
than the  cross-over temperature that 1s ob- 
served in the ac s~~sceptibili ty data ( in  low 
fields and high dilution) is colnpatible with 
the  M Q C  ~nterpretation and does not con- 
stitute any apparent contradic t~on,  as sug- 
gested by Tejada. T h e  situation w o ~ ~ l d  be 
different if the  hlockinrr telnverature were - L 

m e a s ~ ~ r e d  ~ lnder  the  same condition as the 
ac susceptibility, where we would expect 
that the  blocking is red~lced or even absent. 

Telada does not correctlv address the  
differences in the nature of tl,e particle slie 
d~s t r ib~~t io i l s  in OLIS sa~nples and the  signif- 
icance of those differences for both the 
classical and quantum measurements. W e  
do not c l a ~ m  that o ~ l r  systelns are const~tut-  
ed by   den tical particles. Table 1 in the 
revort (1)  lists the means and variances for 

L , ,  

011s d~stributions, and later Gider et nl. state 
(1 ), "there is a d is t r ib~~t ion of anisotropy 
j, . .' allless d ~ ~ e  to the  iiistribution in particle 
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sizes." W e  are aware that the  shape of the  
zero field-coiled curves depends o n  the d ~ s -  
tribution, which 1s explained in  our report, 
when we draw a distinctioll between the 
ferritin and spin glasses. Thus it is not LIII- 

expected that we obtained the  same block- 
ing temperature for the  natural ferritin as 
does Tejada (5). Furthermore, there is no  
i~lconslste~lcy with observation of tulllleling 
in the  mK regline nit11 the  d i s t r ibu t io~~  of 
particle sizes: T h e  distribution call o~ l ly  af- 
fect the  width of the  resonance peak; the  
central frequency all1 still be reflective of 
the lneall particle size (2-4, 7). While the  
particle sizes have a dis t r lbut io~~,  they are 
verv narrow: This is collfir~ned hv our ob- 
servatio~l of two distinct resonance peaks 
n h e n  two of the  artificial sa~nules are 
mixed. Importantly, concentratloll of the  
samples 111 our tunllell~lg measurements (1- 
4 )  are at least 100 to 1000 times Inore illlute 
than the  conce~ltration of commerciallv 
a17ailable natural ferritin, which was ~undi- 
luted in the  experi~nellts of Tejada (5) .  
While we do not observe a n  effect of the 
d l l l ~ t ~ o ~ l  in blocklng at higher telnperatllres 
and fields (10 K and 10 m T ) ,  we see an  
effect in  the tunneling regilne where dlpolar 
fields become significant ( 1  , 4 ,  7). It \\,ould 
be interesting to see a detalled stlldy of the 
effect of dilution 011 relaxation measure- 
lnellts S L I C ~  as those done by Tejada (5) .  

LVhile great progress hac .been lnade in 
recent years in the size refl~leinent of our 
magnetic particles, size alone is not  the sole 
relevant factor in the magnetic dynamics; 
in particular, narronl size distributions do  
not always imply narrow lnagnetic aniso- 
tropy distributions. LVe have found that the  
concentrated salnples (dc  lnagnetization 
studies) dry in the form of self-supporti~lg 
fillns that are thernsel\,es ~nagnetically 
anisotropic (1 ); however, the diluted sam- 
ples do  not form such films, making a direct 
comparison between the dc  blockin: exper- 
iments and the ac tunneling experilnents 
e17en Inore difficult. It is well known from 
the study of thin magnetic films that strain 
can greatly alter the  direction anil magni- 
tude of the  lnagnetic anlsotroples of the  
~111strained system. T h e  dc experi~nellts 
have nevertheless proved usef~ll in estab- 
lishlng some of the  general systematics of 
the  ferritin dynamics (for example, depen- 
dence with average iron loading). However, 
Inore advances in the  experiinental art 
\\rould be required before we will have the  

capability to control, in  every experiment, 
all the parameters which are rele~rant to the  
dynamics in the  quantum-coherent regime. 

T h e  colnlnent hy Garg raises t ~ v o  issues. 
T h e  flrst reDeats Teiada's obiection n h ~ c h  
we address in detail above. However, we 
dlsatrree with his intert?retation of our re- - 
suits: nre did not state that blocking and 
tunneling can happen in the saine experi- 
ment.  Blocking temperature measurement 
and the  M Q C  meas~~rement  are performed 
under distinctly different conditions. 111 par- 
ticular, we see no  basis for Garg's ad hoc 
as sumpt io~~  that the  value of the  anisotropy 
potential, L', d e d ~ ~ c e d  from the  blocklllg 
temperature, T,3, (Garg's equation 1)  is the  
salne as the  tunneling barrier, L1, occurring 
in the M Q C  relation (Garg's ecluation 2 ) .  
Because typically the  a t tempt  frequency v, 
typically ecluals a v\/%; the  salne caveat 
applies to his use of the  same attempt fre- 
cluencies in his eqs. 1 and 2. Thus, conclu- 
sions drawn from colnbining these two 
ecluations are of questio~lable sign~ficance. 
Garg's equation 2 1s based o n  the  additional 
assumt.tion of the  XY-Illnit of an  antiferro- 
lnaglletlc Heisenberg model. Other  limits, 
~vh ich  cannot be excl~lded a prlori,  ha\^ 
significantly different prefactors as large as 
an  additio~lal order of magnitude. 

I11 the  second part of his comment,  Garg 
objects to the h1QC interpretatio~l based o n  
power absorption and the effect of nuclear 
spins o n  M Q C .  A 11~11nber of these objec- 
tions have pre~~iously  been addressed by i ~ s  
(3) and others (8). H e  repeats his earlier 
artruments that the  size of the  observed 

u 

susceptibility signal is too large (by a factor 
of about 133) \\,hen compareil with the  
particle ~ l~ag l l e t i c  lnolnents and linelvidths 
that we have reported. (The  number 4000 
quoted by Gars  f c ) l lo~~s  from 133 X 30, with 
the  factor 30 res~llting from llilclear spins; 
see below.) W h e n  he says that the  hlQC 
resonance power can be "at most" some 
\,slue, h e  implies that his calculation repre- 
sents some strict upper b o u ~ l d  o n  the  power; 
in fact, it is a n  estimate subiect to lllanv 
different assil~nptio~ls and uncertainties 
(Lorenilan lineshapes, a s~llgle relaxation 
time, and others). W h e n  \ye redo his earlier 
estimates, and compare them ~ v l t h  Inore 
reliable calc~~lat ions  based o n  the thermo- 
dsl~alnic si11n rule, Ive find a range of pos- 
sible discrepancies in the  magnitude of the  
signal, the  loner end being as sinall as a 
factor of 5 as compared to his stated 133. 

Although a n  absolute calibration of pov17er 
absorptio~l was attempted in our experl- 
ments, such callbrations are subject to con- 
siJerable luncertaint\-, and no  conclus~ve ar- 
guments should be based o n  absolute polver 
numbers. 

Finally, we colnlnellt on the  role of nu- 
clear spins as advocated by Garg. If one 
accepts his inode1 calculation [note, howel,- 
er, that the  correct relati\,e h1QC amplitude 
equals 1/(65.2) in contrast to 1/(68)'] and 
his statement that nuclear spins wollld re- 
duce the p e a l ~  height by ahout a factor of 
30, this ~vould not be sufficient to ~~ l r , a l i -  
date our MQC analysis, as these reductions 
wlthln experi~nelltal uncer ta~nty for the  
power absorption. While this observation is 
reason enough to neglect the  effect of nu- 
clear spins, his lnodel is not  realistic because 
it does not include dy~lalnlcal effects. For 
example, the  time scales for tu1111e11ng (111- 

stanton frequency) and for the superex- 
change processes call be quite comparable. 
Thus, his basic assumption of a static inter- 
action between nuclear and electro~llc sp111s 
seelns unjustifieil, and his estllnates repre- 
sent (a t  best) an  upper bound o n  the  effect 
of ll~lclear spins. 
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