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NEUTRON SCATTERING STUDLIES OF ELECTERCN-PHOUON L[NTRRACTICHS Fq:s

J.D. Axe
Institute Laue-Langevin, Grencble, france, and

Brockhaven lHuticnal Laboratory, lUpton, LY., U.8.A.

This review 13 an atlempt to summarize the dareus in which
neutron scuttering has been used in studying clectron-phonon inter-
actlong, and to Jdigplay some of the key results.  The exumples
chosen reilect the luterszsts of the aathor and represent in no wuy

a complete survey of bLhe subject,

I. PHONON DISPERS1ON IN METALS

The mest obvious and direet way in whicn electron vhorncn in-
teractiin manifests itself 1s in the phonon dispercicn of metals.
When phoron dispersion curves of simple metuls are analyrzed by
Born-von ¢armen theory typilcally force conitants between fifth
nesrest or 2ven more distant neighcors arec nesded. L2 Furthermor
the magnitude 0f the successive force constants is often oscillat-
ory,~*> rarl=ciiug the rather long ranged oscillatory character of
eleciranic soreening.,  Born-von Karman models are bornh nnwell
and unphysical, and it is now generally recognized that it 1s mers
gatisfactory to formulate models in whiceh conduction escctron
~-phonon interactions are explicitly dealt with,

In the narmonic upproximation phonon frequeneies and eigen-
veerors are obtained by diagenalizing a dynamical mairix D(g).

For our purposes g vufficiently general form i1s™
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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-02-0016.
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Fig. 1 The erffective clectrou sereruing potential for sodium
metal. The solid curve 1s deduced from pnenon dispersion measure-
ments (Ref'. 5). The crosses represent culeulatious by Toya (Ref.

6).

potential, v is the volume of a unit vl and the sum

. 14 . . . .
reclprocal vectors G. For metals 1t 1o converlent to write the
porential as the sum of three terme,

reprecenting a) Coulomb interactions between ions, b) core repui-
sion of ions and ¢) ion-ele2ctron-ion inteructions, respectively.

Figur= 1 shows a comparison of the potential for sodium de-
rived by Cyuchiran’ from experimental phonon dispsrsion curves,?!
compared with an early calculation by Toya' wirleh attempted to
deal in a fundamental wey with the conduct ion wlectrons, 5 E) is
normalized Ly the coulomb Lerm @b(K) = el JEY Althougn the agrse-
ment LS remarkably good, the further compirison of the measured
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comment that must be made concerning Figare |

1s nct in general puossitle Lo uniquely deducs interionic
trom phonon digpersisn curven. There are two distines
The first is that both the phouon freguencies and

needed to reconstrust the dyntuical matrix D(u;.
eigenvectors can in very favorable cuses be dediaed
scattering intencities, in simple stractures the
best resulved by mescuriug along thoce directions i
space Where the elyenvectors wre Plied oy symme.lry.

The second problem s that the structure & =3. (1), which iv prin-
ciple invalves reciprocaul latrice vectors 3ol nebifrarily lurge
valuc, is eneh Lhat no unigue value o :(3) cunr e deduced from a
knowledge of' D q) This reflects Lhe fuet thot in o rea! space
formulation D q) depends only ugpon 3b/dr and 50 4/or? evaluated st
distances of iuteratomic separatlion.  dochron war oavle Lo Jcriv'
p {K) shown In Figure [ only by assuming rhysicully pluusible con-
straints on ity Lehavier
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The magnitude ot the Kobn cingulurity tepends greatly on how
well plecen o Fermi surfuace separsioed Ly Lhe waveveotor F e
matehed.  Mor cimple cliipsoidul surluces winsre the matohing 1o
pouor x%(K) is rvvul¢x, but there is a loguritimic singularity in
the derivative J)\ (i )/dh.L“, Brockhouce, et wi. 3 were the tircut
to tind phunon anomulies with these expecled properties oo study
of lead.  Lead iv favorable becuuce of the lurpe clectron-ion po-
rential, v{K). In mout other simple metals Lhe elfectly are Ltoo
small to be abvious by direct incpection of Lhe dispgrsion curves,
Nevertheleoss, Utedman and uuworker“, by muking very careful meusurs=
ments (vOL25 precision) and by examingg Aw/dy have tdentified o
lirge number of other anomalies in AU ung Ca'? o well as Pob”
(1t is Important to realize Lhat whilc Lhe first moment of the
line shape cun be determined with such precision, the lines Lypi-
cally buve w width 55 due Lo instrumental rosolution.) A sut-
stantial fraction of the anomalies nuve been ausigmed Lo khown
features of the PFermi surface witon reasonatle certainty.  Hg and
Brockhowse: | huve followed the chunges in the size of the Mermi
surfuce thul occurs when Pu is alloy-d with Ti.

In the event thalt o substantjal portion ol the Mermi ﬁurfuv:
"nests” lnto o dtuhung portion displaced by 4 wavevector X, the
singularity in O(K) becomes stronger. Tu the limit of perfzct

nesting there is a logarithmic sinpularity io «"{K) rather tzan Qo

,X”/dr.lj Whuen the nesting is lesc than mulh=""1i<LllJ periect 1t
iz ostill pussitle to bave gstrong cusp-like singularities in A(E)
i:ai‘:}ji'."“)’fs Cueh (‘u.:r“ are seern 10 the nhonon dispersion in
Cr,t- Ma,‘” and Vi, and ure belicved to recult from nestior of

electron and nole pockels in the rather complex Perml curfaces !
these materialu; & particulariy strone comple oceurs iu Cr, o
shown in Figur- 2. b and Hb-Mo alloys alro nuve suspected Honn
anomalics at wavevectars that can be rescunably corrclated witn o
rigid bund model of the Fermi surfuce.-“» - Wrile it is often
possible to find gualitative correlaticns, it {5 4 common obger-
vation that anvmalies predicted by simple conuiderations of Fermi
surface tovclogy are in some cases tuo wenk to be observed and i
other cases prelatively strong. There has been little effort to
under“‘and the chape and strength of the ancomalles In o quantitoe -
ive way.

It iz a very striking fact that meny bhigh ' superconductors
=xnibit rather broad anomalous dips in their aispercion relation.
wirich are nst seen In tteir neighboring low T oocounterparts,
For example, (Fiyure %) Nb has such features w@aich are not seen in

Mo, and similior relationships are observed in tne V,ir und

&,
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pairs. Similur reuaturss have been puinted out by Smith and his
coworkers?! roe the transition metul earbides. These features are
tueo broad to be Kohn anomalies and turthermore, ac has Leen chown
rer the Nb-=Mo systom, do not seale with the size of the Fermi sur-
ruce.  Sinta and Harmonld have proposed a model in whivh collective
charge rluctions witnin the localived d-states coftent Lhe lattice
response.  ‘They supgest that a large density of d-states at the
“ermi osurface is required. It is not c¢lear whether the correlation
with high T superconductivity, which undoubtedly exists, is or is
nut 2 causal one.

IIT. NEUTKRON SPECTROSCOPY OF SUPERCONDUCTORS

Thus fur we have been concerned with the electronic screening
effects of the phunon frequencies. These can be adequately de-
seribed in the adiabutic approximation. In order to discuss the
influence of Lhe electrons on phonon linewidths, it Is necessary
to consider the damping due to excitation of electron-hole pairs,
This is accomplished by replacing the static susceptibility x0(K)
in ea. (3) Ly

D
~ +
i +in) = T (5)
£ E+K k n

The electronic dumping is introduced via Im x%(K,w), and is in
nost cases small enough to be cumpletely macked vy phonon-phonon
scattering. In a neutron scaltering experiment this in turn is
usually masked by inctirumental resclutioun!

Hevertheless In strong coupling superconductors in the vicin-
1ty of T there are abrupt changes in electronic damping which are
sufficiegtly strong to be studied by neutron scattering.cbts<T
This behavior arises because phonons with energy less than that of
the temperature~dependent superconducting e~nergy gap, 248(T), are
snergetically incapable of decaying by excitation of electron-
hole quasiparticle pairs.

Although the theory of this etfeci aates from the early BCS
period28, the effect was first seen in neutron scattering some ten
years later in Kb Sn.;_-)h Recently more refined measurcements have
Lean performed in Nb.2T Figure b summarises some of these latter
measurements. When 2A(7) equals the phonon en-rgy, bw , an abrupt
cnange occurs in the linewidth, Certain qualitative fésatures,
such ag the displacement of the curves to lower temperature with
inereasing phonon energy, are colvious from the sketeh included in
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the Figure. The rounding of the discontinuity can be partly ae-
cuunted for by resolution eftvets, Al three sets ot data o BPig-
ure B show that when hw o slightly oxeeeds 28(7) the phonon Cioe-
widths are greaster Lhia T thedir vilues rfar sbove oo This efteet,
which is due Lo an increased demsity ol electronstuten at bhe gup
energy, ia in qualitative ggrecment with theory. Since the real
and Imaginary partys of xO(K,m) ure related by Kramers-Kronlg re-
lations, we expectd’” and tind anomalies in the phonon frequencices
in the vicinity of Tc as well {see Figure 5).

Measurements o this type are of courte of interest because
they provide an alternate means for direct determination of the
temperature dependence and anisotropy of the gap energy. In ad-
dition, they meusure that part of the phonon linewidth, y , which
is due to electron-phonon intersction. Allen3Y has pointéd out
that is very clodely related to quantities of Interest in strong
coupiing superconductivity by deriving a simple explicit relation
between Yup and the electron-phonon spectral function alF(w).

Obviously neutron seuttering messurcments o' this sort are
successtul only if the electron-phonon interaction is sufficiently
gtrong thal the quenching of the interaction when 24(T) > hw pro-
duces 4 measureable etftect. Given presently available spent?ometer
resolution, the technigue ls uufortunately restricted to a small
handful o1 strong couplyed superconductors.

Lv. MAGHETIC WIELD EFFECTS

In the preceding section Wwe suw how the presence of an energy
£ab in the conduction electrons can be munifested in the phonon
spectrum,  fnotner way ol intraducing energy gaps Iin the conduction

slecrrons i by application of un external magnetic field, and
under suinatis econditions this too may produce interesting effects
1t the phonon spectrum.

Woen o magnetic tield i3 applied to 4 meral the enevgies of
the 2onduction electrons are quantizea into a series of Landau
levels, In momentum cpace this quantiuation is represented by the

condensation of the electron energy states inio a series of tubes,
each having a constant cross section in a vlane perpendicular to
the applied fisld, H, as shown in Figurc ©. The -ross sectional
area of each tute ic proportional to H. ‘The energy of an election

lying on th- n'tn tute is

X l’.f

E',(‘r(,'=(n+;"4;m+_.
n =z < h)mll
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Fig. T Im x(Q,w) is Ffinite in the shuded ares with a magnetic
field perpendicular to the phonon propagution. (Ref. 34},

{3 = T = q)
n+p<kz) (nu) phw | hwq e (Ta)

and

‘n+p -~ kn = q ...(Tb)

where w  and g are Lhe trequency and wavevector of the phonon and
ks tHe comporent of the electron wavevector |H for the n'th
tube. This is Just the cyclotron resonance condition, and we zou-
sequently expect the electron-pnonon interaction to contribute to

the lifetimes of only those phonons whose frequencies are integral
multiples of th= oyclotren frequency.

A more detailed concideration of the pousibllity of observing
the effect of 4 transverse magretic field on phonon lifetimes Ly 2l
conventionusl neurnron :;ﬂctroscopy has bLeen given by Fynn and Axe.
Figure 7 chows the «ffect of a small component of phonon waveveoe-
tor, 4Q , parallel to fi on the electron quantization of electrons.
w = (ﬁﬁ/mc) a1 meV for H= 100 Ky, which is well within the cip-
aflllty 0f a neutron spectrometer to resclve, 'The mpajor ditficulny
that occurs is that typical spectrometer momentum resclution ex-
tends well beyond the value AQP® in this Figure, at least in the



cate ol Uree electrons. 8o gnomalous oftects can Lhen be observed
us the umenred vilue of Im x9Uquw) 10 the Same with and without
the applicd tietd,

Pyrn sand Aze swigested L only D0 there were Plut seetions
G ferml surface whieh could be wligted parallel Lo §f could the
moinentum resolution be sufriciently relaxed Lo make o neutron
svattering experiment feasible. They tested these tdeas by meubur
1ng the effect of u %0 kG Uield on phonons benr the & Rohn anonal
in WL Instewd of measuring the wiith o the phonons directly,
thay monitored the peuk lntencity ua o PFuncetion ot H oand found a
small useillatory component with w period coucistent with the
cyclotron masu deduced from deluas-vun Alphen meacurementn,

It i eleur that neutrons are potentially very uce™ul te in-
vautigate Ferml surfacss, both through Kohn anopalic.. und cyelo-
tron resunance oftfectn, A alstinet advantuage, in principle, is
that these studiee could be edtetded to lmpure metuls and alloys,
which are aifficult Lo study by conventions! metnod., Similur re-
marks pertuin o the potential oo newiren wpectroocopy of super-
conductors., 1*' 1o fulr to concluds, howsver, Lnat substantial
technicul fmprovemtents will be necestnry Lo fiee Lhcse telnnauoes
broadly usetul. Opder of mognitude inereeas v rezeter fluxes
might g0 o lung way toward affectiog *he neecconey resniution,
but this jo non a ligely short term prosue Unewiventionagl algsn
resolution speot rameters exist, 27 put buve not ao yel been
adapted to phonon spectroscopy. It e vobering o recuognize thas
we will often regiire simultanecus PMRprovemeuts in elergy did mo-

mentum resolation.
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The ornrge denc ity wide CUDWE Ot e o tarr no the result off

A Ferml osurfoe cnrtats LIty o WRIZE L e abden e o edoctran
phonon coupting woed e mani Dot~ dn o diversent succertiniiivy,
xd(qw L) e e, 0 o 2ritiond Wavevector. Ve metaal o inotablity
ie a7eoupl-sd mode wnien causes o cimeltare-ons metifarion ol Tne
=lactron density as Wwell as 4 djg!rrtzun vl fatticey lue. oa
gorustural phace Lransformation,  Phe nealrone coutle S0 the nu-
cleasr aistortions unly.  Aus might te Sitga e !
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M) imeld;

. ‘. Inelastic scattering intensity. Contours for KCP showing
“.op “obn anomaly in the acoustic branch near g & 0.3c* (from
\

oo the past few years very ‘pectaculur examples of glant Kohn

1« niies hove been studjied with neutrong in the quas 31 one~dimen-—
weo comcuctors KCPSO™YY ang TR -TCNQ. 41-42 a5 is demonstrated
in Pigure 3 the anomaly in KCP is extremely sharp. It occurs
wouiever g1y, the compunent of the phonon wavevector along the
- imergional axis, equals 2kF. Thc strength of the ancmaly is
teoom 4ndependent of componernts oif momentum perpendlculdr to the
i+ - i'mensional axis. There is a lurge quasi-elastiec central peak
rey 11'"g the presence of long lived short ranged correlations
2.+ 7 a3 wide range of temperatures, but no actual tranzition tem-—
;- v=ture can be defined. It is possible that impurity pinning

.2r than the effect of one-dimens ion?l fluctuations is respon-
sio.: for the lack of long range crder. .

(v = @ «?

Y layered al—mutal compounds [t and Tuﬁq (X = &, 8w, or

a variety of structural transtormations wnicl are ralated
Posurfuee instabilities and CDW formation.  Inelastic nen-
sraittering studies of JH-bSe | and TaSe | show large Kohn-like
#lies in the LA shonons al waveveolors £Op which Brecg satie=Lll

“ J. }IL

coenr at the onset of the CLW stnbte, Hownver, the
Srenine of the pronon i3 1ncomplete nesre U tne divergent be-
. 4 i ™y

reurioe instead Inoa quasi-elactic c2pnral pead w7 D
s Ferml suruee geom-try is rather complex in i
.
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Lhal thic vehavior could e undersiood by allowing additionnl see=
CULry distorbicint With wavevectors chodets Lo Lake wivantoge ot
e perioadie b potentind . ey Wwere aioo o abbe Lo directly
Vet Uty Lk nonr=i o Lda] nbarre G Lhe nconmmensurate stiste Ly
Ot rvieg secandiery srags dule! Pitos ot bt poctulated suveveos

- ;
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