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Electron-phonon-surface scattering in Ga
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An unambiguous experimental proof of the existence of electron-phonon-surface scattering in pure metals at
low temperatures is presented. Using the surface acoustic waves technique we are able to probe the properties
of a thin surface layer of metal. Observation of a ne@rly dependence of the mean free path of near-surface
electrons in G499.9999% proves that precisely this scattering mechanism is dominant and clearly separates
it from the volume scattering that would havera® dependencd.S0163-182699)00719-9

. INTRODUCTION pepn(T) is the electron-phonon contribution to the bulk
scattering. At low temperatures electrons scatter on phonons
Electron relaxation in pure metals is determined by a vamostly on small angles~T/Tp . If this angle is still suffi-
riety of mechanisms, which all contribute to the total scatterciently large to remove an electron from participation in the
ing rate. Their relative weights depend on temperatureparticular transport process, the effective scattering probabil-
sample size and purity, physical quantity in question, etc. Aty and resistivity will be proportional to the number of
guantity most directly connected to the electron relaxation i%)hononSpe_ph(T)~(T/TD)3 (Debye law. Otherwise, sev-
probably the resistivity of a metal. It is given by a sum of eral scattering events must take place. The number of neces-
bulk and surface terms, where bulk resistivity is in turn asary collisionsp~(Tp/T)? can be taken into account by
sum of impurity-relatedresidua) resistivity and a term re-  dividing the probability of each collision by a factor pf
lated to scattering on electrons and phonons. In the eXtremﬁwenpe_ph(T)~(T/TD)5 (Ref. 10. The last result is derived
pure-limit impurity scattering is always the smallest term.for metals with isotropic Fermi surfad€S) but in practice is
The ratio of surface to quasiparticle scattering rates dependspserved for a great majority of metals at low temperatures
on the temperature-dependent mean free p@ and on  (see, e.g., Ref. 11 and references thérdinthe experiments
the sample sizel. Surface scattering inevitably becomes im- measuring total scattering frequencyradependence is ob-
portant at low temperatures whep-d. The resistivity is served as opposed ﬂjs found for “transport” Scattering
given by a sum of the following contributiorts: frequency. Cubic dependence is also observed as a rule when
a selected group of carriers on FS is studiedlio-frequency
_ size effect, cyclotron resonance, gtclThere are counterex-
PT)=pet Ope(T) + pat 5pd(T)+pe'e(T)+pe'ph(T)'(1) amples, howiver: a sharply anisotropic cylindrical FS will
lead toT? or T* dependences instead &f or T°. And in-
deed, in bismuth and antimony with FS being a prolate el-
Here, p. is the residual resistivity due to electron scattering"psoid aT2 law is realized> ¥ The T3 andT® laws can also
on impurities, vacancies, and other static defects of the lathe violated due to U-processésee, e.g., Ref. 15
tice; p¢(T) is the temperature-dependent contribution to the  From the above considerations it is evident that an obser-
impurity scattering due to thermal oscillations of impurities. yation of aT2 dependence of the low-temperature resistivity
For T<Tp (Tp—Debye temperatujet has a quadratic de- or any other quantity measuring electron scattering in a metal
pendenceSp.(T)~T? (Ref. 2. This term can show up in the does notper seprove that electron-electron scattering is ob-
“dirty limit,” when residual resistivity exceeds the served inthe experiment. This remark is contrary to the com-
temperature-dependent part. In this capg(T) can be com-  mon belief, but in accord with theoretical estimates of
parable top. and larger than the electron-phonon part,_ (T), which usually give a value of an order of magnitude
pepn(T) Of the resistivity;pq is the contribution of the sur-  smaller than the experimentally measufi@dcontribution. In
face scattering to the residual resistivityize effect; and  reality, observation of a quadratic dependep¢®&) in the
opy(T) is the temperature-dependent part of the sizeemperature range of 1.5-4.2 K most often means that in the
effect™* According to Ref. 45p4(T)~ T™ . In Ref. 5a  extreme pure limit the contribution afpg(T) = Spe pns(T)
calculation was done for an arbitrary law of electron reflec-is dominant. This contribution comes from the “electron-
tion on the sample boundary, in particular taking into ac-phonon-surface” scattering mechanisif. In a very pure
count the dependence of scattering probability on the direcmetal samples electrons will necessarily collide with a sur-
tion of electron velocity relative to the surfatéThe result  face of the crystal after scattering on a phonon if the scatter-
of Ref. 5 is 5pd(T)~T5/3. Just like for thedp(T) term, the ing angle satisfies a condition:
temperature dependence épy(T) is close to quadratic.
However, the latter will dominate in the opposite limit of a K d
pure metal. g~-2~ =
pe—o(T)~T? is the electron-electron contribution to the ke I
bulk scattering. It is very small due to smallness of the pre-
factor (k,T/E;)? (k, is the Boltzman constang; is the wherek,, andk; are wave vectors of the phonon and elec-
Fermi energy,®® tron. An interplay of electron-phonon and electron-surface
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collisions gives additional temperature-dependent contribuelectrons that move along the surface and necessarily collide
tion to the relaxation rate and introduces a new form of awith it. In this situation, if the electron-phonon-surface scat-
size-effect in the resistivity of a metal. Electron-phonon-tering mechanism really exists, it must lead to a quadratic
surface processes were first experimentally found irl/l~T? dependence up to the temperature at wHicF)
tungsten® then observed in copper, silver and gbfd, ~\. This temperature is much higher than the usual cutoff
aluminum?® molybdenum, rhenium, and ruthenidh. temperature for the electron-phonon-surface processes given
In the present paper we report an unambiguous experby I(T)~d. At such a high temperature electron-electron
mental proof of the existence of this mechanism and find it tascattering will be undoubtedly negligible and ruled out as a

be operational in the extremely pure gallium samples. candidate for the explanation of thd 4/T? dependence.
Second, previous theoretical paérs relate the SAW
Il. EXPERIMENTAL OBJECT damping coefficient and the electron mean-free-path value

) for certain experimental geometries. In particular, when a
Gallium has record electron mean-free-path |engthSgiong magnetic field is parallel to the surface, perpendicu-
which can be as large as 1 cm.5lt is known from a large bodyy, 1 the acoustic wave vectgrand inequalitiegjr<1 and
of experimental studies that & dependence is never ob- 5.1 are satisfied, whereis the radius of a cyclotron orbit,
served in gallium. Instead, eithd? or T° dependences are the yalue ofl does not depend on the magnetic field. So it
measured. For larger samples of Ga a cubic dependence Ulfays the role of the transport mean free path for the near-
ally holds: surface electrons. We will compare the temperature depen-
1 dence ofl under this condition to its value in the bulk.
T =A+BT3. 2) _ An exper|ment of this type was performed in Ref. 30 and
is now confirmed for the monocrystal sample of gallium. The

surface wave was excited to propagate alongthgis in the

Such result was obtained for example in Ref. 20 where )
thermal conductivity anisotropy was measured in 99.9999%(ab) plane of the crystal. Using the wedge metfiot ex-

pure Ga cylinder samples with a diameter of 1.6-4.8 m pite the wave allowed frequency tning in a broad_range_z Qf
along crystal directiona andb. A close result & T%9 was rqueg;uaws from le t0 140 MHzl. we dncl)te thaé ihe mtzrdlgrl]—
obtained also for the axis. In Ref. 22 the same dependence:\?vtg_ dimensigr?glsell:a((::(tarrincu;rsegir)lljcvtwﬁ’e yoalzenottobztvveﬁl the
was obtained for both thermal and electrical conductivity ™ ". . 9

along thec axis of a large(1 cm diameter 99.9999% Ga suited for such tuning. The temperature was calculated from

monocrystal. Cubic temperature dependence is also obtain%@iigsg?;]grﬁgr;zif?tggvief;v |A<LZTﬁea?gwgfzzﬂrnega:m?o?
in resonance experiments. For example, Mébetracted it o y

from the cyclotron resonance linewidth, which is propor_the mean-free-path was found from the number of observed

tional to 11 with | being the mean free path of the selectedP|ppard oscillations in low magnetic field at 4.2 K. For the

group of electrons participating in the resonafit&. From sample used it was estimated to be 1.7 mmdfe, H||b.

the cited above experiments with comparatively massivéN ith that figure in mind we can check the validity of the

samples we conclude that first, it is the full scattering fre—qr<l and gl>1 conditions for resonance electrons. The

guency(as opposed to “transporythat is always measured measured velocity of SAW in theap) plane wasv=2.59

in gallium, and second, that neither complicated FS, norto'02>< 10°cm/s for T=4.2 K, gl|a. Therefore, even for

U-processes or impurity scattering and such lead toTthe f[he lowest frquency used, 10 Ml-_l1l~_4o andql>1 was
law violation. indeed well satisfied. The magnetic field was created by an

However, other authors obtained close to quadratic depeﬁa_lectromagnet and reached the maximum value of 7 KQe,

dences of 1/both in resistivity measurements on the square\’vh'Ch proved to be enough to satisty <1. According to

cross-section wire6l—0.1 mm?2® and in size effect’ Those Refs. 28 and 29, wheql>1 a saturation of the damping

results may be, and actually were, interpreted as a manife£O€ffiCient as a function dfl must be observed in a strong

tation of either electron-electron scattering or electronmagnetic fieldd.L g. As can be seen from the insetin Fig. 1,

phonon-surface scattering, provided that the “dirty limit” in our case saturation was observed alreadyHor1l KOe.

explanation is ruled out. An observation thet was found Measurements were done in a saturating field. Precise orien-

on smaller samples suggests that a surface influence is i ation of th_e sample in the field was.performed using the
portant, but as discussed above, bulk-transport measureme enneker tilt effect, which could be reliably observed on the
themselves cannot tell which of the two remaining explana-Surface sound.

tions is correct.

IV. RESULTS AND DISCUSSION

Ill. EXPERIMENTAL METHOD ) L
In the saturating magnetic field parallel to the surface of

However, it is possible to propose the method that giveshe metal but perpendicular to the sound wave vector
an unambiguous answer to this question. This is the exper{qLHLn), the surface wave damping is analogous to the
ment measuring the damping coefficient of the surfacelamping in the bulk and according to Ref. 29 is determined
acoustic waveSAW). The specific properties of the surface by
wave help us to make the distinction.

First, SAW exponentially decays inside the crystal on the
distance of the order of its wavelengthIn our experimental F_HN q—l
conditions\ <, therefore the wave interacts only with those Fo 1+(wn?

)
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For the high end of the temperature interval investigated in
FIG. 1. Experimental plot of the temperature dependence oPUr €xperiment and lower SAW frequencies the condition
SAW damping coefficient in saturating magnetic field. Solid line is (@ 7)?<1 is satisfied. In that case formul@) applies and if
given by Eq.(3). Inset: example of the experimental magnetic-field indeedl ~1/T2, T',; should start as a linear function ofT#
dependence of transmitted SAW amplitude. Saturation effect i€xperimental points in Fig. 1 indeed show linear behavior
clearly observable. for small argument, however it extends to a larger interval
than Eq.(3) would predict.
wherel'y, I'y are SAW damping coefficients without mag-  From the qualitative agreement of experimental and the-
netic field and in the saturating field accordingtyjs a re-  oretical curves we conclude that the electron-phonon-surface
laxation time of electrons. From E¢B) it is seen that SAW mechanism is the source of tA& contribution to the scat-
damping in the saturating magnetic field must have maxitering frequency. This conclusion is consistent with the
mum as a function of temperature at the point determined bysample-size dependence discussed in Sec. |I. T thaepen-
dence was due to the FS shape or other bulk effects dis-
wr=1. (4)  cussed before, it would be observed in the samples of an

We measure a series of cunvégH) at = const and differ- arbitrary size.

ent T and extract from them the saturation vallig(T) at

w=const. From Fig. 1 it is seen that the experimental curve V. CONCLUSION
for I'y(T) indeed has a maximum as discussed above. At the . . .
maximum pointT, we haver(T,)="1/w, thus maximum Our experiment leads to the following picture. Bulk

damping will occur at different temperatures for different Samples of high-purity gallium switch to cubic temperature
SAW frequencies. From the family of the experimentaldependence of the scattering rate already for1.5

curvesI'y(T) taken at differentw we reconstruct the(T) —4.2 'K. This estgbhshed fact rules out a hypothesis that
dependence by plotting d/as a function of, . Results are complicated Fermi surface structure, presence of umklapp

presented in Fig. 2 and show a quadratic dependence processes, scattering on impurities, and so on can be a reason
of T? dependence observed for smaller samples. In contrast,

5 according to the SAW experiment, the scattering rate of the
;=a+ bT 5 near-surface carriers remains quadratic up to 7.2 K, where
the electron-electron scattering mechanism is definitely ex-
of the collision frequency of charge carriers in gallium on thecluded. Therefore, it is proved unambiguously that electron-
temperature in the range from 1.6 to 7.2 K. phonon-surface mechanism exists and is indeed responsible
A least-squares fit of Fig. 2 gives the valuas-0.25 for the nearly quadratic temperature dependence of the in-
x 1%, b=0.14x10°. When used in the formulg3) they  verse electron mean free path.
determine a theoretical curve shown as a solid line in Fig. 1. We believe that this result obtained for gallium is univer-
Numerical differences between the theoretical and experisal and holds for all metals. We anticipate that any metal of
mental curves could be anticipated knowing that 8)ywas  high purity will demonstrate a close to quadratic dependence
derived with certain approximations, one of them beingof the inverse mean-free-path of near-surface electrons and
spherical FS. However, this formula reflects the key featureconfirm the defining role of the electron-phonon-surface
a maximum in thd™(T) curve at the pointo7=1 which, as  scattering mechanism.
we see, does not disappear for an FS of a complicated shape.

Furthermore, whend7)?><1, Eq.(3) takes the form
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