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NEUTRON SCATTEhINU STUDIES OF ELECTKON-PHONOtl LHTLRACTIGNS

J.D. Axe

Ins t i tu t e Laue-Langevin, Grenoble, France, and

Brockhaven National Laboratory, Upton, il.Y., U.S.A.

This review is an attempt to summarize the areau in which
neutrosi scuttt.-ri»it5 iiu;; Leeu us^d in studying irlec;trot:-phonon inti.-r-
act ions , arid to >i Lu[.j!ay some of the key re su l t s . The examplets
ii'iioaoti r-.-i'lect the iuteres t j of the author and represent in no way
a compictt- auvvey uf the; subjeut.

I. PiiOiWN UISPERSlOli III METALS

Thr> moat ot.vioiiLj and diiv-ct way in whici: electron phor.on in-
terac t i ;n manilVcta itswlf is in the phonon diapercicn of metaJj.
V/lien phot'.i'm dijperuion curves of simple metals are analysed by
Eorn-vori r'arwan theory typically force constant;; between fifth
nearest or even more distant neighbors arc- needed.1-'^ Furtheririor>-
tn«? magnitude of the ^ui't.-essive force conGtants is often osciila1.--
ory,'-'-1 reflecting the rattier long ranged osci l la tory character of
electronic screen lap,. Born-von Karman models are both nti*'eiJdy
and unphysicaj, and it, is now generally recognized * hat it is more
satisfactory to formulate models in which conduction electron
-ptionon interaction:: are expl ic i t ly dealt with.

In the harmonic approximation phunon frocjuenci-u and •vî g ;̂.-
wctors are obtained r.y dia^rnalizing a dynarni oa.1 matrix j^(q).
For our purpose;; a sufficiently general form Is*
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^Research carried out, in part, under the auspices of the United
States Energy Research and Development Administration under
Contract No."EY-76-C-O2-0016.



Fig. 1 The effective electron Erre'Miirig f.or.r-nt iul for sodium
metal. The solid curve is deduced frmn prii'-non dispersion measure-
merits (Ref. 5). The crosses! represent calculations by Toya (Ref.
6).

wh<-re <j)(K) is the Fourier transform ot" .'in appropriate ion pair
potential, v i:3 the volume of a. unit i'<-]l uud the sum ia ovf-r all
reciprocal vectors 0-. For metals it h: rouv.-iiifnt to write the
port-ntial as the auin of thr^e T,c-rmt=,

...(2)

representing a) Coulomb interactions ber.ween ions, b) core repul-
sion of ions and c) ion-electron-ion interactions, respectively.

Figure 1 chows a comparison of T.Mr- potential for sodium de-
rived by Cochran1"-1 from experimental pnorion dispersion curves,*
compared with an early calculation hy Toya'-' which attempted to
deal in a fundamental way with th,e conduction electrons. <t> if.') is
normalised by the coulomb term * (K) = 'n\f- ,'K''. Al'iiougn the agree-
ment is reraarKab ly good, the further oonip'ir io'̂ n of *_he r



an.3 I ' u l o u l u t t-u J ! ;.-fjt-r:.i..jri i-ui'Vi-.-:1, w h i l r - Impr*--;;. i •/•.•, wins no t . ioi : . -
p l e t e l y ^ a t i •.; f ac to r , 1 / . Th i s I S t h e i v - i ' u l t u f '.: •-• : n - a r cam1 ' .-1 ; at. i u i
->!' t n e 4>~ ;irid .|i t e r m s in t-^. ( : J ) . ( $ " i :• r n - a r l y i:f/?i i •*ai l e i t :
:u)i i lui i i . ) A;" a r e s u l t pt,,..n.»[i d i i p i - r j l m i in m e t a l s f u n e r a l i y p r o -
v i d e r a v e r y :;!.rhi<?!-tii Lcr.sL o i ' u i i r i i :ui<ri\: t .and i n £ u o t n o f c l w . n . i i
- i o n p o t e n t i a i ;.'• a n d wi' many b u d y :i.*j-"i-i) i ng --t'Cf-ii: w i t . l i l n i in- . - . . • -
t i ' o n tfa;} i t o i r i l " . It. i :> f a i r t.ij I ' I H I I ' I U I M i.lrt ' . nnu.'ti I . I ' t t:t_- j t . i m u L i u ,
tVir d e v t r l o p m e a t ; ! i n p;.i>-iidopijl .crit . iai t . h i - - > r i e j ' " V e i ' t r i e l a a t deCLiii'..-
came with the a v a i l a b i l i t y of r-eiiai, le i n e l a s t i c :ieuuron u e a t t e r i rur
measurements of phonont; in me ta lG .^S^

T h e a d d i t i o n a l i-otaint-nt t h a t must, U-J madt- i j . j i i c c g e
i s t h a t i t i s tu.t i n g e n e r a l pot- . i i i t .Ju t o u n i q u . - l y d i r r iuce i n t e r i o r . i o
p o t c - r i t i a l : - i f r o m p h o n o n d i t s p e r a i j n c a r v K . . Tht-r<- a r t - t w o d i s t i . n i - ? .
d i f f i c u l t i e s . T h e f l r a t i s t h a t t>oth tl<e p h o n o n f rc-cjueno Lea aii ' i
e i g e n v e c t o r s a r e n e e d e d r.o r e o o n ^ t r u - . - L t h e .iyriiuiiii.-al m a t r i x D ( u ) .
A l t h o u g h t h e e i g e n v e c t o r s oan i n vt.-ry f a v o r a b l e o a ^ e s b e deduciMi
f r o m i n e l a a t i o s c a t t e r i n g i t n . e n i ; : i. i e ^ , i n . s i m p l e s t r u c t u r e i ; t t i e
p r ' J D l e t a i a b e : ; t r e s o l v e d by t a ^ a ; - u f u i j ; a l u t i g t t m c - ; d i r e C . iun is i t i
r e c i p r o c a l a p a o e wht.-re t h e e i j / enve i . - t . o r : ; i i i v f i y . r d oy Lsymmtr'.ry.

T h e s e c o n d p r o b L e m i is t h a t t h e o t r u . / f iri- . ,£ r -o . ( ! ) , w h i c h i n p r i r : -
c i p l e i n v o l v e ; ; r e c i p r o c a l l a t t i c e v ^ i . ' i . u r s ; ! ' ^ a r b i t r a r i l y 1 -irg»
v a l u e , i a y u c h t h a t n o u n i q u e v a l u e c ; ' ! ' I ) c a n !.•.• dc-diL.'ed f r o m a
k n o w l e d g e o f D ( q ) . T h i 3 r e f l e c t s t h e f a c t i . i . a t i i , a r e a l s p a c e
f o r m u l a t i o n £ ( ' ! ) d e p e n d ; ; o n l y u p o n ')>t>/dr a n d • ) ' • l . / . t r ' ' e v a l u a t e d a t
d i s t a n c e s o f i n t e r a t o m i c s e p a r a t i o n . ' . ' i -chrtui wa;~ a b l e t o d e r i v e
.)) ( K ) showii i n F i g u r e i o n l y by a s s i g n i n g p h y s i c a l l y p l a u s i b l e c o n -
s t r a i n t s OP. i t . ; I j t r h a v i o r .

1 1 . i'.'j'r.'.i C l " : : I ; . A : - ' ; T i l : C

K u i ' . ' i j i n g u l a r i t i ••.-.• a r i s > - l - e . ' i ; . ; ; - I - J " ?.;:•> - i M - u s i t o l ^ a n g e s i t .

- ! e c t r o n i . ' s c r e e n i r . g ' . / r . J i : ! : o c - . - ' i r v >-;•. ' .-• n h . ' . h . :i * a v . . r v e . : : . o r q ,

• p a n e f i n : t e r n r i i 3 u r i ' a i ' ' T ' . - f a : : i r - t a i . l ' ' ':":.•• • • f f i _•:. 1 L;. i n c ^ f . o L . T i c l y

a ; y . c u ^ ^ e d i n t h e o a . ' . ' v n - r . ' : t n e e : ' • ' • ' r - -ti \ a v . - f u ! . > : t H . T . C a r e : : , u f -

f ' . c i < - r . [. l y p l a n e w a v e - i i K - - , v e r m u : : ' . o f ' . c < - ' . n i t c e l J t ; a l l o w .fc'" ' . K )

' o b e a p p r o x i m a t e l y f a c t . - r i L: >- • i i n • ::•• r". - JL-ITJ

'{K) = - j v ( K ) 1 V ' i K . V U +

H r - r e v ( r ; ) L G t h e : - • '_ ' • - • • . i v - r : ' i . - » - • : •: J ' v .-n | o : ' - r . ' i a 1 : ; r . j v • ' ? ' . '

C i i - e l e c t r o n c o u l o m b : I : . L • . • : • : • - i - . - . r . g i

i 1 i a r o r ; ; - e i e c ' r o : . : v i : ; -•..• t- - . ; ; i l i - . y

e l e c t r o n c o u l o m b : ; : . L •.•:•:••;•. • a . t r e [•• - ! • - i i 1 - i ••! . : • \ ~ \ ' r ' .



- h -

X°(K> = y-^--

The magnitude i.l' the Kohn singularity U-p--nds great, ly on how

well piece:: o'.' !•'•-rtni surface Separated by the vavevectoi1 ?-. are

matclied. For simple ellipsoidal surfaces wh'.-r-.' t!r_- matching is

poor x°(k) i" regular, but there is a logarithmic singularity in

the derivative ;)x° ( K) /i)K. L- Broekhouse, et . ai. 1^ were the first

to find phonon anomalies with these expected properties in a study

of lead. Lead i.-: favorable because of t.he Large electron-ion po-

tential, v(K). In most other simple metais the effect:; are too

small to u.' obvious by direct inspection i,f the di spyrsi on curves.

Nevertheless, :Jtedflian and coworkers, by making vi.ry carefuL mea.:un

metits (r^>i.l'% precision) and by examining A.xi/Aq have identified j*

Jarge number of other anomalies in Al ' and i.'u'-' as well as Pb '.

(it is important to realize that while t.he first moment of the

line shape can be determined with such precision, the lines typi-

cally havr- a width ^rjfi due to in:i truiru-ntaJ resol ution. ) A sub-

stantial fraction of the anomalies have been assigned to known

features uf _thf Fermi surface witn reasonaile certainty, fig and

BrocKhousi-'• ' have followed the changes in t.he sine of the Fermi

surface that. o<vurs when Pb is aj loy-d witii 'VI.

In th._- event that a substar;! iai portion of the Fermi surface

"nesta" into a matching portion displaced by a wavevector !', the

singularity in x^(K) becomes .-stronger. In the limit of perfect

nesting thr-re is a Logarithmic singularity in > ° (K) rather t nan i;.

J/'/SK. 1- 1 Win.-n the nesting is less than mathematically perfect it

is still possible to nave strong cusp-like £ i nguiari ties in x^f'i

i td'rjjf.'"'•'"•-' ouch cusps are s.-cri in the nliono:: dispersion in

Cr,x-' Mo,1'' and W, '' and are believed to result, from nesting <iV

electron and nole pO'.'kets in the mi.her crinpley. Fermi r.urfaces -J'.'

these material:;-. A sari.iculariy str-ir./' example occurs in Cr, as

shown in Figure',.'. Tib and Iib-!-*.o alloy:'. al:-o nav^ suspected Kont:

anornal tt.'-s at. wa/eveot<-jri: that can be rea.Jonabiy correlated wit:, a

rigid band model of t.he Fermi surface.-'•>• While it is often

possible to f i nd qualitative correlations, it is a common obser-

vation that, anomalies predicted by simple •.•out; i derations of Fermi

surface topology are in some cases too weak to be observed and in

other cases relatively strong. There has been little effort to

understand the shape and strength of the anoina! its in a quunti t:<\-

ive way. 1 8

It is a very striking fact that many high !' superconductors

exhibit rattier broad anomalous dips in their •; i speiv i •-•!. relation.1

which are not :v.-eii in their neighboring low T C'~>unt<-rp?..rt .•;.'•-'

For example, (Figure ;,) Ub lias siuh features vj'.ich are ::ot seen in

Ho, and sirailiar r-el ar. i,,ru:hips are obsi'rvi>iJ i ri t n^ V,'.'r and 'i'a,W
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pairs. Similar features dttve been puijittui uut by ujnith and his
coworkers^ * tV>r the transition jnetul carbides. Thest.- features are
too broad to be Kwhii anomalies and furthermore, ui; has b<-en shown
tVif the f/b-Mo :iy;;!.i.-jn, do not scale with the siiie of the Fi_-rmi sur-
i'uot?. Sinlia ami liaruioû -' have proposed a model iti which collective
charge fluctions witnin the localized d-staWs uoften^ tht- lattice
rospoiititj. 'L'hey uu^i'sl that a lar^e dt-nuity uf d-atateii at the
Ft-rrai surface is required. It î  nut cli.-nr wlu-T.her the correiation
with high T> aupercofiductivity, which undoubtedly exists, is or is
not a cauaai one.

III. NEUTRON SPECTROSCOPY OF 3UPSRC0IIDUCTORS

Thus far we have been concerned with the electronic screening
effects of the phonon frequencies. These can be adequately de-
scribed in the adiabatic approximation. In order to discuas the
influence of the electrons on phorion linewidthr;, it ia necessary
to consider the damping due to excitation of electron-hole pairs.
This is accomplished by replacing the static susceptibility x°(K)
in eq. (3) by

r - f
Oiv ± • \ V * k k + K

The electronic damping is introduced via Tin x°(K,u>}, and is in
moat cases ^mall enougti to be completely masked by phorton-phonon
scattering. In a neutron scattering experiment thi^ in turn is
usually masked by instrumental resolution!

nevertheless in strong coupling superconductors in the vicin-
ity of T_̂  there are abrupt changes in electronic damping which are
sufficiently strong to be studied by neutron scattering. C->L' »2f
This behavior arises because phonons with energy less than that of
the temperature-dependent superconducting energy gap, 2A(T), are
energetically incapable of decaying by excitation of electron-
hole quasiparticle pairs.

Although the theory of this effect aai.es ;"rom the early BCS
period.28, the effect was first seen in neutron scattering some ten
years later in Kb.Sn.f;h Recently more refined measurements have
been performed in Nb.^T Figure U summarises some of these latter
measurements. When 2A(T) equals the phonon energy, Iitû , an abrupt
change occurs in the linewidth. Certain qualitative features,
such as the displacement of the curves t.o Low«r temperature with
increasing phonon energy, are obvious from the sketch included in
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the Figure. The rt;undi ng ol' the d i scunl inui ty can U- j/u'tly ac-
counted for by resolution t-f IVci ;i. AN three ut-l,n of 11 .• 11-;i. iii Fi f,-
U t > ' ' I S l u i W t h a t W l n - n ftui S l i g h t , l y I ' X i ' f f d u ^ . ' A ( ' l ' ) t h e p h o n o n . i l ] e -
widt-lu: a re g r e a t e r than t h e i r vaLui-.i far alcove 'I' . Thin e1' fee i.,
which is duo to an increased dens i ty of e l e c t r o i ^ ' s t a t e s at f i e gup
energy, io in quu i iLn t ive ugrv-cmi.-ni. witli tln-ury. iJitu't- t t i t r e u l
und imaginitry puj'L:-; of x"(K,u)) ui't- relaUrd by Kriuriern-Kroriig r e -
l a t i o n s , wi_> expc-cM^"' and find utioimiJ i eu in the phunon fre
in the v i c i n i t y of T _ an vieli ( SOK Kiguiv; S ) .

Mt_-uain"ementa of thia type m v of" tiuuri:« of interest
they provide an alternate means for direct determination of the
temperature dependence and anisotropy of the gap energy. In ad-
dition, they measure that, part of the phouon linewidth, y , which
iu due to eleoti'cn-plionon interaot ion. Allon^J lia:3 pointea out
i.hat is very cloaely related to tjuunt j t ie-i; of interest in strong
ooupiiug superconductivity by deriving a wimple explicit relation
between y and the electron-phonon spectral function a^F((u).

Obviously neutron ucut.tering meaLiuremwnts of thiu jort are
suooesisful only if the elwctron-phonon interaction its sufficiently
strong that the qut-nchi ng of the intt-raction when ;M(T) >_ hu pro-
duces a meauureahle effect. Given pre.-nently available spectrometer
resolution, t'ae techniijue is unfortunately restricted to a small
handful of strong coupled superconductors.

IV. MAC.IIETIC FIELD EFFECTS

In the pr^j'-ding section we saw how the presence of an energy
gap in the conduction electrons can be manifested in the phonon
spectrum. Atior.uer way of introducing energy gaps in the conduction
electrons i:i ly application of an external magnetic field, and
ui.aer s:ii'-aLi i e renditions thin ' oo may produce interest, ing effects
in the phoiion spectrum.

Wnijn a magnetic field i.; applied to -t :r.etal the energies of
the conduction el^r-trons are quantizi-a into a series of Lanaau
levels. In momentum space this quantisation is represented by the
condensation of the electron energy states into u series of tubes,
each having a constant cross section in a plane perpendicular to
'he applied field, ii, as shown in Figure b. The cross sectional
area of each tu'tc: is proportional to ft. The energy of an electron
lying on tn- n'tri tut.e is

F. (k ) = (n + }. ,1iui + - —
n 2 c ..'mi



F i g . D F r e e e l e c t r o n K e r m i •Jurfa.cc ti'.-i t u b e s o n t v w n l : i ; >-J • - r t
s t a t e s c o n d e n s e i n a m a g n e t , i c f i t I d a L o n g k _ . ( £ • _ • : * . ;.••.'.

k | i a t h e component ,jl' '.In1 i-!t-.:'.r.)n w a v t - w f o r j r i r a i ', -rl
H, m, . 13 an e f f e c t i V.J n u ^ j and m. i., \ n e oy.-j o ' ron t ' r - ;u^:,oy .

In the free el e n otip?-, a:.: n i j.'ucr-j'i i.y
-1

r i ' - i m , ^ t n ^ r e a r t - r *,•« - a i ; > t ; ] n e t K i r i d o o f
w h e t h e r t i . t r ? p h - . m o r i r r i ^ p a g a t i o n v e c t o r , i j p a i " - : i l r - . r ] . ' - r i •<•"•:!-5 i •• . I ; i r
t o H . F o r a !••;• ii t h t f r e a r e K o h n - l i k - . i r : f ; i i i a r i t ;•.•.-. i ; - . <," ( > ; , ^ , h )
w h e n e v e r o f j ' i a - i . . ' f . h e I ' - r i g i , h , : ' k , c J ' ' . • ; < - p u r ; :•••!! • ;" • ;.•- . ' l ' r . h t i i ; . -
t h a t 1 i e ; ; . w i t h i n t i n : F e r m i o u r i ' a c - .-"'"• i i c / . - v c - i * e v - - - i ; t'- r ! • . .> ' KC,
t h e r e a r > ; ' ' • 1 0 - ' ' L t i n i l a a I n v t - l d i - t i . o w t i,<? K e r m i - ! . t - ; \ - . y , .- .i * l . a t t : ' . ' . .1

t u b e s a r e v e r y •: i ..-;•- l y i - p i i c e d r e l a t i v e : o t ' t u - - i v i i i a t I •_- n c r a e r . t a i n
r e s o l u t i o n o f a n e u ' . r o i . ^ p e c t r c i n e t e r a i : i l i i t - : • •• : • ! : . ' : ' i - L j i : i i J u . ? - \ :
s i r i g u l a r i t i - : ' S a r t j / i - t . - a t . i y L ; m u G t : i e d o n ' .

W r : e n a [ l i , x " 1 ' 1 ! ) - ' , - ) h a . s M c i r t 1 - r - : , : . • . - . . : • . :•- .--:": •.••.••.:•.,:
* : h e f a c t t h a t p u j r i o r u - : .. ' .-XM n o w a j a r ' ^ r f ! - o ' r :,.• : ' r . .n • :.• : : ' • : . r -
t i i e ( n + p ) ' t . ! . ' . u l - - - , ^ u u j ' . - ' j t ' o T.'.-.- . • • . I : J : 1 i . • • : . . •
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Fig. 7 Ira x(Q,i") in finite in the ahuded area with a magnetic
field perpendicular to the phonon propagation. (Ref. 3^).

E x (k )
r.+p z '. K y c q

...(7a)

and

k - k =
n+p n

...(7b)

where m and q are the frequency and wavevector of the phonon and
k is the comuor:i-nt uf the electron wavevector IH for the n'th

Vi

tube. This is just the cyclotron resonance condition, and we con-
sequently expect the electron-phonon interaction to contribute to
the lifetimes of only those phonons whose frequencies are integral
multiples of th~ cyclotron frequency.

A more detailed com-.ideration of the possibility of observing
the effect of a transverse magnetic field on phonon lifetimes by ,
conventional neutron spectroscopy has been given by F̂ /nn and Axe.
Figure 7 chows the f-f+Vot of a small component of phonon wavevec-
tor, AQ;, para Li el. to H on the electron quantisation of electrons,
ui _ = (eH/me) ^ 1 meV for H = 100 ku, which is well within the e;tp-
afeility of a neutron spectrometer to resolve. The major difficulty
that occurs is that typical spectrometer momentum resolution ex-
tends well beyond the value AQ m a x in this Figure, at least in the
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c a u e o f Vi'w t . - l i - ' O t r o n o . Mi) a n i - w i l o u : ; r ' t ' t v - o t i: ..•.•ui i . ln -n b e o

u u t.Mt? ;jiiif!ir«ii.i v u l U ' ' o f X in j ( U l , q , m ) i;'• ' i n . - :;mni? w i t h a n d wi f . h o u t

t i n . : a p p l i<.'ii f i ' j l i l .

P y n n a n d Ax<-- . j u ^ i ' L i t e d t . n a i . o n l y i f t.li--i*».- w i v f l a t ^ i r u t i o n L ;

o f i - ' e r m i iJLii%t'a<:<- w! i i> 'h i - ou L i b<-.- a ! i ^ i ; i . - d u i r a l ] <• I <.o ii c o u l d t h e

nioim -f i t lira rt_-iio] u t i '>n bi- : ; u f f i i . M u n t l,y r ' * ! ' i x e d t . j n a k t - a n e u t r o n

cent t e r i n g e x p - ' f i t u e n t i V i u ; i l - l t ? . ' i ' lu-y t u . ; r ^ - . i t,»i • - L; «~ i d e a i ; by i r » e u ; : u r -

i n g t h y r i f i V ' c t o l ' a. ':>(> k O 1 ' i t - I d o n p i iox io t i ; , IH.-.-U- t l i c - A KohiJ a n o m a l y

i n i J b . ' -1 Ini5t<--fid of n i i - . ' i i au r i i ip ; t h t w i i l . l i >>i' t i n - j . l i u t i u n : ; d i r e c t l y ,

t h e y m o n i t o r e d t h e p e a k i t i t e t i ; ; i t y ;.u: a i'uji'.M. j ,^n. o l ' II nnd f o u n d u.

u m a l l <.isi:i l i a t o r y o o m p n n e d t w i t h u p e j - i o d c o i : . : i : ; t m i i w l t t j t . h e

c y c l o t r o n m a a : ; d e d u c e d i ' r o r a d c i i a a . i : - v a i i A J p h e n m u a ^ u i ' t . - m t ' i i t r - .
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. '. Inelastic scattering intensity. Contours for KCP showing
F ''obn anomaly in the acoustic branch near t, % 0.3c* (from

0 : \
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!.. t.hr past few years very spectacular examples of giant Kohn
.atU'i. h-.ve been studied with neutrons in the quasi one-diinen-
•. i com actors KCPSb~''° and TTF-TCNQ.1*1~lty As is demonstrated
1'ji-ure 5 the anomaly in KCP is extremely sharp. It occurs
• ;••-*•;--r i n , the component of the phonon wavevector along the
ur'ier.sional axis, equals 2k_. The strength of the anomaly is

r •: • ̂ dependent of components of momentum perpendicular to the
• ;'is^nsional axis. There is a large quasi-elastic central peak
r:l:tif3 tfre presence of long lived short ranged correlations
:* :i wide range of temperatures, but no actual transition tem-
'-'•ire can be defined. It is possible that impurity pinning
. ;r than the effect of one-dimensional fluctuations is respon-
. ; for the lack of long range order. 3

-met.nl arni or
a variety of structural tr.-insformat ioni^wni i-'i, are ralTted
jurfuoe instabilities and CDV.' format ii.'ti. Iiu'la;;t.ic n >•:-'•-

id TaSt1: , i;:iuw 1 :irg'- rlv. h 11 - H V. v
"Lrirs, ,fu" whi''ii i'sr'AiJt.' I'-atî L:'.

.:nr ai. the onset of the CL'VJ star,--."''''' iiowvy^r, t.i:.-

• r >n .j-.-.-iLT.ering s t u d i e s o f L?H-iibSe
••.:. :v.a.] iei: in the LA phonons a t

:'*'-iii r.f* " f ! !.t- pfionor; i s i n c o m p l e t e tu-'ir ''!' , tn>- >l i v e r f r t n . b*—
• - iv i i r co.!ur !.'•(*. i t i s t ' -ad in a q u a a i - e l a L : t ; c •ent.ra.!. I'trtA -ui '.'' - 'I
"..•• ••••rrrii s u r tVi'V ^ecnr -f. ry i s r a t h e r compJ ••x i M t.iii.-s;- mater* \;il:-:
.-.:.'. -i. t -r:ui'.;•. '•- m<jdeis '.'!' !''ermi s u r f a c e n<-st, ing liav^ l-i-.-̂ r: jiropoi
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