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Midinfrared Hall effect in thin-film metals: Probing the Fermi surface anisotropy
in Au and Cu
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A sensitive midinfraredMIR, 900—-1100 cm?, 112—136 meY photoelastic polarization modulation tech-
nigue is used to measure simultaneously Faraday rotation and circular dichroism in thin metal films. These two
quantities determine the complex ac Hall conductivity. This technique is applied to study Au and Cu thin films
at temperatures in the rang800 K >T > 20 K), and magnetic fields up to 8 T. The Hall frequensy is
consistent with band theory predictions. We report a measurement of the MIR Hall scatteripg veltéch is
significantly lower than that derived from Drude analysis of zero magnetic field MIR transmission measure-
ments. This difference is qualitatively explained in terms of the anisotropy of the Fermi surface in Au and Cu.

I. INTRODUCTION eB 5 d[v(k)7(k)]
T GG ﬁstez-[Wk)r(k)xT ,

The dc Hall effect is a standard tool for the study of (1.1b
electronic properties of conducting materials. In the high-
field limit (w71, wherew, is the cyclotron frequency and wherev is the carrier velocityk is the carrier momentum;
7is the carrier scattering timét can be shown that the Hall 7=7/(1—iw7), wherer is the scattering time at poihton
coefficientR,(Ry e 1/n) can give the number density of  the FS;B is the magnetic fielde is the electron chargé; is
carriers. In many electronic materials, however, because dPlanck’s constant; is the speed of light; and, is the unit
the combination of large effective masse$w.>1/m) and  vector along the axis (Bllz). Sinceo, depends on the cross
short defect-induced carrier scattering timest is not pos- ~ productvxdy, flat regions of the F&wheredv =0) do not
sible to achieve the high-field limit of the Hall effect. Under contribute too,,, whereas high curvature regions, which
these conditions the Hall effect is sensitive to the details ofan produce large angular differences betweanddyv, will
electronic defect scattering in the sample, which complicate§e heavily weighted in the integral in E(L.1b.
its interpretation. Also, in many of these interesting materi- In the study of the ac Hall effect, the complex Hall angle
als, electron interactions are strong and the Fermi-liquic/x is @ particularly useful quantityd, is defined as
theory conditions that are assumed in transport theory are
possibly not met. Nevertheless, the dc Hall effect has pro- _ Oxy
vided interesting and important information on these tanaH—?, 1.2
materialst The ac Hall effect offers the possibility of over-
coming some of the limitations of the dc Hall effect while whereo,, ando,, are the diagonal and off-diagonal compo-
providing additional information on the electronic structure nents of the complex magnetoconductivity tensor. Note that
of materials. While dc transport can be shown to be mainlytané,, is independent of film thicknesd, which is useful
sensitive to the mean free path of the carrfeas, transportis  sinced may not be accurately known. For a simgzrude
sensitive to the energy scales of the system: the plasma freaetal, targ, reduces tav. 7 in the dc limit. 6, has proven to
qguency, the cyclotron frequency, and the carrier relaxatiorbe especially interesting in high-temperature superconduct-
rates. At sufficiently high frequencies>* the ac conduc- ors where the scattering rate associated wjfrshows strik-
tivity becomes insensitive to the impurity scattering, therebying qualitative and quantitative differences from the rate as-
giving information about the intrinsic electronic structure of sociated witho,, . This behavior has been cited as evidence
the system. It can provide insight into the physics of system$or non-Drude and even non-Fermi-liquid physics for high-
ranging from conventional Fermi-liquid metals to more ex-temperature superconductors in the normal Stéténterest-
otic metals such as high-temperature supercondiicsord ing differences in scattering rates can also be found in more
other transition-metal oxidés. conventional materials such as Au and Cu, as will be ex-

Within Fermi-liquid theory and the relaxation-time ap- plored in this paper.
proximation, and assuming cubic symmetry, the conductivity In general tarf},, as the ratio of two response functions,
tensor can be expressed as integrals over the Fermi surfaiee a complicated function which does not have a simple
(F9);® closed form. The simplest generalization &f to finite fre-

quency i§

B e’ ~ WH
“xx_m ﬁsdav(kﬂ 7(k), (1.18 tanfy= o ~0y, (1.3

lw
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wherew,, is the Hall frequency ang, is the Hall scattering X&_}
rate. In this experiment, sinegy is small compared t@ and
vu, we will use the approximation tafiy~ 6, throughout
this paper. Equatior{1.3) is valid for a Drude metal, in
which casewy= w; andyy= y,y, Wherew, andvy,, are the
conventional cyclotron frequency and the isotropic Drude
scattering rate, respectively. Equatith3) is also valid for
Fermi liquids for the case of eindependent scattering time.
Furthermore, it is the form obtained in several proposed
models of the normal state transport in high-temperature
superconductor&:®

Although oy, and 6 tend to be small for metals in the
midinfrared(MIR) (900—1100 cm?), there are a number of
advantages in performing these higher-frequency measure
ments. First, the high frequency allows one to avoid impurity
scattering or grain boundary effects which may dominate
lower frequency Hall measurements. This is especially im-

portant in new materials which often contain many 'mp'“'r".wheretXX andt,, are the complex transmission amplitudes.

ties and defects. Thus the MIR measurements can probe ir- g N . X
trinsic optical properties more directly. Furthermore, MIer;nnéh; t:;mgif\'/lg:] z?);))/prommatmn, the refationship betweén
H

measurements allow one to examine the trends observed at
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FIG. 1. A schematic of the experimental setup.

lower frequencies. Since ta (and 6y) obeys a sum rule anZo,

[see Eq(A1)],*it is very useful to be able to integrat, to ¢ (1+Z—y)2 1

higher frequencies to verify whethéand wherg the Hall 6F~tan0F=iy~$:(l+ >9H,
angle sum rule saturates or whether there is more relevant xx 4n Zoyx

physics at even higher frequencies. Finally, since the high 1+ Zoyy

frequency behavior ofly is constrained by the general re-

guirements of response functions, the asymptotic form for Zyd

0y, in Egs.(1.3) and(A10) becomes more accurate at higher Th+1’ (2.2

frequencies. i . .

In this paper, we examine the MIR Hall effect in Au and WhereZo is the impedance of free spacejs the substrate
Cu thin films. We introduce a sensitive photoelastic polarizaindex of refraction, andl is the film thickness. As witidy, ,
tion modulation technique in Sec. Il A. Section 11 B describesth® small-angle approximation applies g in this experi-
the samples. Section Il presents MIR magneto-optic transt€nt, SO tamfe~ . The experimental data are actually ana-
mission measurements from 900 to 1100 émwWe deter- lyzed using finite thickness film calculations, which deviate
mine the complex conductivity tensorat temperatures from from the thin film results by less than 10%. Furthermore,
20 to 300 K, and magnetic fields up taT8 The resulting ~Since the conductances{,d) of Au and Cu films are large,
Hall frequencyewy, is in good agreement with band theory, 1/Z0xx<1 s06,~ 6 . However, in this papei,y is deter-
while the scattering rate,, determined from the Hall angle mined through zero-magnetic-field transmittance measure-
is significantly lower than the scattering ratg, measured in Ments, and these correctiofiess than 15%are included in
zero-magnetic-field transmittance measurements. Sectidr/culatingdy and oy, from e . _

IVA presents a qualitative model that is used to discuss Figure 1 shows the experimental setup for measufing
these results in terms of the anisotropy of the FS of Au and CO: laser produces linearly polarized MIR radiation in the
Cu. Section IV B compares the results for the MIR measuref@nge 9—11um (1100-900 cm” and 112-136 me) First,
ments with dc results. The Appendix provides theoreticaP conventional optical chopper modulates this radiatianeat

background for the infrared transport functions that are use¢80—150 Hz. In this schematic, the laser polarizatien is
to analyze the experimental data. alongX. In the Faraday geometry, the radiation then passes

through the sample which is located at the center of an 8-T
magneto-optical cryostat. In order to sensitively measure
Il EXPERIMENT both the real and imaginary parts 6, the radiation that is
A. Polarimetry measurements transmitted by the sample is analyzed using a photoelastic
modulator(PEM).}! The PEM periodically retards the phase
of one linear polarization componeB;X with respect to the
orthogonal componer,y as follows:

Since wy<(yy,w) and since at high frequencies
R 64w 2 and Inf 6y]>w ! [see Eq(1.3)], the MIR 6y, in
metals is small, on the order of 18 rad. Therefore, a sen-
sitive technique is required for the MIR; measurements. In EX+E,§—Ee*VX+E,. (2.3
the MIR we measure the complex Faraday arjle which

is the optical analog oy, . 6 is defined as A(t) is the sinusoidal phase modulationBfX with respect

to E,y, and is given by

ty
=2, (2.2 A(t)=Bcog wpyt), /B=MZTWD, (2.4
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L T=200K
®=949 cm™

whereg is the phase modulation amplituden is the differ-
ence between the indices of refraction in thandy direc-
tions, D is the optical path length in the PEN,is the wave-
length of the radiation, andvy, is the PEM modulation
frequency(50 kH2). Since the sample is axially symmetric
along B, the transmittance tensor is diagonal when repre-
sented in the circular polarization basis. Therefore, changes
in the incident linearly polarized light depend only @ the
relative difference in the phase of left versus right circularly
polarized light due to R@¢], which leads to a rotation of the
polarization axi§Faraday rotatiorfFR)]; and(2) the relative
difference in the transmission of left versus right circularly
polarized light due to If¥:], which introduces ellipticity
[circular dichroism¢CD)] to the beam. The optical axis of
the PEM is oriented parallel to that of the laser radiation F|G. 2. The complex Faraday angle for a Cu film as a func-
along X, so that no modulation occurs unless the sampl&jon of magnetic field at 949 ciit and 290 K.

produces & component in the polarization by either rotating
the polarization(FR) or introducing ellipticity to the polar-

3e-3

2e-3

(Rad)

L

0

1e-3

Magnetic Field (T)

waveplate in front of the optical magnet shown in Fig. 1. The
ization (CD). Finally, a static linear polarize, selects the sjgnals as a function of quarter-waveplate orientation angle
component of the radiation at 45° fo A liquid-nitrogen-  are consistent with predictions from the initial calibration.
cooled mercury-cadmium-telluridéMCT) element detects For more details on this measurement technique, see Ref. 12.
the radiation, and three lock-in amplifiers demodulate the
resulting time-dependent signal. Combining a bright source

such as a CQlaser with a sensitive MCT detector provides
a signal-to-detector noise level of up to®10he high sensi-
tivity is especially important due to the low transmittariee

B. Samples

The samples consist of thin Au and Cu films grown on
semiconductor substrates using conventional vacuum ther-

3%) of the samples used in this experiment. The signal inmal deposition techniques. The film thicknesses are on the
tensity is kept within the linear response regime of the MCTorder of 10 nm, corresponding to dc sheet resistances in the

detector.
The FR (R&6:]) and CD (Inj6:]) signals are related to
the even and odd harmonics ©f, , respectively. These har-

range ofR;~6—-10(). The thickness is chosen to maximize
the quality of the film and the magneto-optic signals while
maintaining a transmittance of approximately 5% at 1000

monic signals can be normalized by the average signatm’l. Substrates consist of 0.5-mm-thick insulating pSi(

chopped atw, to obtain, for smallf:

20y AJy(B)ReE O]
oy THIO-2RE01I ) 2
law,  435(B)IM[ 6¢]
oy L0 2RE0AB) O

wherelan, Jn(B), andlwO are the intensity of thath har-

monic of wy, , thenth-order Bessel function, and the average
intensity chopped ab,, respectively. Sincédg|?<1 andp

is chosen so thaty(B) =0, the denominators in Eq&.53
and(2.5b are unity. The &), harmonic signal is chosen in
Eq. (2.5b over the fundamental frequency in order to avoid
background signal¢such as electrical pickup and interfer-
ence modulationthat occur aiw), . With this technique one

=2000 A cm) or GaAs. The dc residual resistance ratio
(Rspok /R1pk) for the Au and Cu films is 1.6 and 1.3, re-
spectively. It is well known that noble-metal thin films
grown by thermal evaporation on unheated substrates pro-
duce polycrystalline films with grain sizes comparable with
the film thickness? The low-temperature resistance of the
films is dominated by interface scattering, as will be shown
in Sec. IVA. Since interferencéetalon effects associated
with the substrate can have a strong effect on FR and CD
measurements, the substrates are either wedged 1° to remove
multiply reflected beams or coated with a NiCr broadband
antireflection coating? An antireflection coating withR
=157 for Si andR;=149() for GaAs reduces the etalon
interference fringes to less than 5% of the transmittance sig-
nal.

IIl. RESULTS

can simultaneously measure both the real and imaginary

parts of 6 with a sensitivity of approximately one part in
10* and 4x 10%, respectively. The difference in sensitivity
for the real and imaginary parts @ is mainly due to the
fact that at a typical PEM retardancg~2.39rad, and
Jo(B)=2XJ3(B). The great stability of the measurement is

Figure 2 shows R#&:] and In 6] [see Eqgs(2.5a and
(2.5b] as functions of magnetic fielB at room temperature
for a Cu sample. The MIR radiation frequency is 949 ¢m
The substrate’s background contribution to &€ has been
removed. Although both Si and GaAs substrates produce

due in part to using a single detector to measure all the sigsignicant Rgf] signal (~2-3x10 3rad, respectively
nals simultaneously, so that the detector and source drift caifieir contribution to IMéd:] is negligible. Both signals are

be accurately normalized out.
Although all the parameters in Eq®.59 and (2.5 are
measured independently, the calibration of the system i

linear in B, as expected.
Figure 3 shows the temperature dependenc@di@) and
9! (b) at 1079 cm! and 8T for a Au sample. The solid

verified by removing the sample and rotating a quarter{empty) circles represent the reimaginary part of 6,; and
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FIG. 3. The complex Hall anglé,, (a) and inverse Hall angle

65" (b) for Au as functions of temperature at 1079 chand 8 T. FIG. 5. The Hall frequencyy, (a) and Hall scattering rate,
The solid(empty circles correspond to the re@iaginary part of  (b) for Au as functions of temperature at 1079 chand 8 T.w,, is
6y and 6 in the MIR. The solid triangles irfb) show the dc independent of temperature and agrees well with the prediction
values foregl. from band calculations, which is shown by the solid linéan MIR

vy at 8 T (solid circles, MIR 1y,, (empty squares and dc vy,
9;1_ Note that Inig,] is greater than R@,] by approxi- (empt_y trianglep are shoyvn in(b). Despitg Igrge differences in
mately a factor of 4, which suggests that the measurement Eagnltude, these scattering rates show similar temperature depen-
approaching the high-frequency regime where[6ag ences.
>Rq 64]. Although both REg] and Inj 6] show weak tem-

perature dependences in FigaB only Ré @Y shows a temperature dependence in Figb3 This is consistent with

a temperature-dependent; and temperature-independent
wy [see Eqs(1.3) and (A10)]. The solid triangles in Fig.

Energy (meV) 3(b) show the dcﬂgl at low and high temperatures. The dc
0 012 118 124 130 136 R, measurements are made using Van der Pauw geometry
o) on the same thin film samples that are examined in the MIR.
200 1 o) The dcé, ' is seen to agree well with the MIR R, *].
175 L o) 1 Figure 4 shows the frequency dependenceﬁ,jﬁ at 290
(o] - Kand 8 T. In[&,]l], which is represented by empty circles
150 F L4 'R9[9H1] } which show a linear increase with frequency, suggesting a
I O Imlo,] frequency independenty, [see Eq(A10)]. The In{¢,'] data
1251 01860 | are fitted with a line intersecting the origin, whose slope
agrees with band predictions to within 2%.[Rg"] is repre-
0O o ® o P ] sented by solid circles and shows no frequency dependence
® . .
75 L i corresponding to a frequency independentypf
7, z Figure 5 shows the temperature dependence of the Hall
0'r /= L L 1 1 frequencywy and Hall scattering rate at 8 T. wy shows
0 900 950 1000 1050 1100 no temperature dependence in Figg)5and agrees well with

the value obtained using band thedsplid line).*>® Figure
5(b) shows the MIRy,, at 8 T (solid circleg, the MIR y,,

FIG. 4. The complex inverse Hall angi,* for Au is shown as ~ (€mpty squargs and the dcyy, (empty triangles The MIR
a function of frequency at 290 K and 8 T. The sclanpty circles  ¥xx IS obtained from zero-field transmittance spe¢ir@00—
represent the redimaginary part of ;. Rg 6,'] shows no fre- 7000 cm}). These spectra are measured using a Fourier
quency dependence, while the empty circles representifigfh  transform spectrometer. The data are fitted with a simple
show a linear temperature dependence, as expected frotAE. Drude model to obtain the MlR,, andy,,, which are used

Frequency (cm™)
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TABLE I. Comparison of the Hall scattering rateg and y,, TABLE Il. Comparison of the Hall frequenayy, with thewEf‘"d

[see Eq.(A123)] obtained from magneto-optic measurements withpredicted from band calculatioriRefs. 15 and 16 The agreement
the longitudinal scattering rate,, obtained from a Drude fit to is within the experimental error. All measurements are performed at
zero-magnetic-field transmission measurements. Note the strong aR90 K.

isotropy betweenyy, and vy,,. All measurements are performed at

290 K. Sample Frequencicm ) oy (cm™Y) ol (em™Y) wy /o™
Frequency o o " cu 949 ~41+02  -38 1.08
Samp|e (Cmfl) (Cmfl) (Cmfl) (Cmfl) ’YXy/’)/XX Au 923 —5.6:0.3 —-55 1.02
Au 1079 —-5.2+0.3 -5.5 0.95
Cu 949 52555 605-60 68570 0.88
Au 1079 449-45 585t60 720-76 0.81

ity and the known plasma frequency we can estimate the

to transformég into 6y . The DCy,, is determined from the €lectron relaxation rate as 180 chn corresponding to a

dc resistivity which is measured using conventional four-méan free path of about 42 nm. For frequencies above the

probe electrical techniques. The MIR values fgy, are  Debye frequency the electron-phonon scattering is expected

higher than those obtained using dc measurements, esp@ be independent of frequency but larger than its dc value

cially at lower temperatures. Though exhibiting a similardue to phonon emission processes. At zero temperature the

temperature dependencg, are signifantly lower than both effective IR relaxation rate due to phonons ig

the MIR and dcy,,. Note that the scattering rates only de- =2(@p/T)ys~40cm L, where @, is the Debye tempera-

crease by 15-30 % at low temperature, which suggests thaire, and wherey,. is the scattering rate at high temperature

the scattering rate is dominated by the interfaces of the film3.2® In the observedy,,, y,(MIR), and vy,,(dc) in Fig. 5,

(as is discussed in Sec. IVA the temperature dependence is consistent with electron-
Table I shows the Hall scattering ratgg and v,y along  phonon scattering but the total scattering is larger thgn

with the zero-field scattering ratgy,. Au films show a  Therefore, the relaxation rates in these thin films have con-

greater difference betweefy, and yxy than the Cu film,  triputions from other processes. Since the film thicknesses

with 7,/ yxx~0.81 for the former and 0.88 for the latter.  gre of order 10 nm, we expect the boundary scattering of the
Table Il shows the measured and predicted values for thgjectrons to be significant. Also, the absence of a frequency

Hall frequency.wy agrees well with predictions from band gependence of thg's in Fig. 4 is consistent with this picture,

1516 i hi - L :
ca_llc_uIanns? For Cu, the mgasuradH IS h|gherbgl;11?n, but - and indicates that electron-electron scattering is weak in Au
within 10% of the predicted-'® Hall frequencyw,™". For  gnd cu as expected.

Au the agreement is even better, with a variation of less than
5%. The linear fit in Fig. 4a) produces a measuredl, that is ) _ )
within 2% of the band calculated value for Au. A. Anisotropic Fermi-surface model

Table Il shows the Hall coefficierRH=axy/a)2(x, from In this section we will discuss the observed IR relaxation
this and other experimentsRP® is derived from band rates in terms of the scattering of the electrons at the bound-
calculation$® while R®® assumes a spherical FS and reducegries of the films. We assume that experiment measures the
to the well-known formula for free eIectronisfjee: conductivity tensor averaged uniformly over the Fermi sur-
— 1/nec, wheran is the electron density argiis the speed of face of Au and Cu. Since the Hall angle is smait 10" °)
light. RP“ are from room temperature dc measurements ofthe k-space paths are an infinitesimal fraction of a complete

bulk sampled’ Note that the MIR values for RR,] agree cyclotron orbit. The cubic symmetry implies that each
well with Raand for both Au and Cu. The MIR IfiRy] are Fermi-surface patch for each grain is sampled with many

ot a facor 1 5. mes smalr i oo S7e 60 orrtatons, s dlon vl edueean o
Sec. IVB. The dcRy, for Au agrees well withR['*®, while P Y-

. known thato, is independent of orientation in a cubic ma-
the dcRy for Cu agrees better with the MIR measured value, _ . XX A
. terial. In the case of polycrystalline films a further random-
thanR®®. The MIR and dc measurements in both sample polyery

: Szation comes from the averaging over the different orienta-
show little temperature dependence. tions of the grains of the film. Also, since the measurements
in these experiments occur at high frequencies, we are aver-
aging the contributions of the different grains. This is not

The dc resistivity of bulk Au and Cu at 300 K is domi- generally true in dc measurements where the response func-
nated by electron-phonon scattering. From the bulk resistivtions such as resistance can be dominated by a few domains

IV. DISCUSSION

TABLE Ill. Comparison of the MIR and dc Hall coefficien®, . The units forR, are 10 **m3C . The
Cu and Au MIR measurements are performed at 949 and 1079, aespectively.

Sample T (K) MIR Ry dcRy  RP(Ref. 15 R[*®(Ref. 15 dc R (Ref. 17
Cu 290 —4.42-0.465  —4.28 -5.2 -7.3 -5.17

Cu 40 —4.28-0534 475

Au 290 —8.04-1.49 -9.9 -81 -10.5 -7.16

Au 23 —7.96-1.65 —10.4
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with the optimal orientation, which “short out” the contri- where y(k) and 7(k) are the scattering rate and scattering
butions from the other less favorably aligned domains. Thustime of the carriers on the FS. From this simple argument,
we expect our results to reflect the calculated averages momne can estimate that(neck is related toy(belly) as fol-
accurately than dc measurements. Therefore, we believe thiws:
the assumption fow,, and o,, (i.e., that the experiment
samples all possible electron orbits with all possible mag- Yxy  v(neck ve(neck
netic field orientationsis a good one. Yer y(0elly) ~ ve(belly) ~0.56-0.65, (4.9
The difference betweeny and v,, is a consequence of
anisotropic scattering on the FS. This is seen more clearlywhere the values foog(neck and vg(belly) represent the
from Eqgs.(A4a) and(A4b) for y,, andy,,. These quantities typical extrema ofvr at the necks and bellies reported in
correspond to two different averages of the scattering oveRefs. 19 and 20. Since the Hall measurements involve con-
the FS. From Eq(A4b) it is seen thaty,, weights more tributions from both neck and belly regions, the anisotropy
heavily the regions of the FS with strong curvature. observed in the experiment should be smaller than that pre-
A simple argument based on the FS anisotropy of Au andlicted by Eq.(4.4), which only involves extremal values of
Cu can account for the difference betwegg andy,,. The  ve. This can be seen in Table I. In fact, the results in Eq.
anisotropy of the FS in Au and Cu is well characterized. The(4.4) represent an upper limit of the anisotropy. For a more
high curvature regions near thepoint of the FS are referred quantitative theoretical comparison, the FS integrals in Egs.
to as necks, while the low curvature regions everywhere elséA4a) and (A4b) need to be calculated.
are referred to as bellies. High curvature necks have a larger
Hall conductivity o, [see Eq.(1.1b], while the lower cur- B. Comparison of MIR and dc results

vature bellies, which make up a greater fraction of the FS, L
tend to dominate the longitudinal conductivisy, .®” Fur- The frequency dependence of the values measured in this
X

thermore, the scattering rate of carriers in the necks can beexpe.riment'provides'importan_t information abc_)ut gnisotropy
different from those in the bellies, with,, (7, tending to and inelastic scattering. In thtslsectlon, we will discuss the
represent the characteristic scattering rate for carriers in thig€duency dependence Bf, 6,7, andy,. The Hall coef-
neck (belly). In bulk materials, the anisotropy in the scatter- ficient Ry is shown in Table Ill. For Au, the MIR value of
ing rate is due to the anisotropy of the electron-phonorR&Ru] is independent of frequency and temperature, and
interaction™®2°However, in thin films the scattering is domi- 20% lower than the dc value. Similar results are found for
nated by the film interfaces and different mechanisms ar&U, but with the low-temperature MIR; only 10% smaller
responsible for the anisotropy. We explore one such mechdban the dc value. This difference between the dc and MIR
nism, the anisotropy of the Fermi velocity:, in the rest of values forRy implies anisotropic scattering on the FSee
this section. the Appendix. The MIR values oRRy, for Au and Cu are in
Since the bulk scattering length of the Au and Cu films ~ 900d agreement with band calculatidfisOn the other hand,
at room temperature is roughly a factor of 4 greater than théhbelkdC value for Au for these filméin contrast to the dc
thickness of these films, one expects the scattering ldngth Rii™) gives the correct carrier density, presumably fortu-
in the films to be dominated by interface scattering. The ratidtously. The MIR InfRy] is nonzero for both Au and Cu,

of the film conductivityo; and bulk conductivityr, is given ~ With magnitudes of 20% and 12% of i , respectively. A

by? nonzero IniRy] occurs only for a frequency-dependent
R Ry ], and the magnitude of IfR] is related to the differ-
o 3d [lg ence between the dc and MIR [Rg]. Therefore, the larger

U—O~ 2 E n(a), (4.2 ImM[Ry] in Au is consistent with the stronger frequency de-

pendence of H&,] in Au when compared to Cu. The sign
of Im[Ry] is consistent with the relative magnitudes gf,

whered is the film thickness. The conductivity ratio that is and y,, [see Eqs(A11) and (A12b)], as found from a com-

measured in the AYCu) film is within 10% (30%) of the . i X )
value predicted by Eq4.1), and suggests that the scattering parison Ofcrxx. with B .Indeed'yquﬁ Yxy IS dL.Je to aniso-
length is dominated by the film thickness rather than impu—tmp'c scattering, and gives the most revealing information
rities or phonons. Since the film consists of randomly ori-abOUt the anlsotropy_ of the scattering. PR
ented grains, and sint¢eis independent df, one expects the In the case of th? mver_sle Hall angle the dc Vam""é IS n
average scattering length to be isotropic along the FS an@00d agreement with Ré}; "] in the MIR. However, this is
related only to the separatiah between film interfaces as @ISO fortuitous since the asymptotic expresgiag. (A10)] is
implied by Eq.(4.1). For simplicity, we take the scattering MOt valid at low frequency because of the anisotropy of the
time 7 to be related to the scattering lengthand Fermi scattering on the FS. Moreover, even for isotropic scattering,
velocity vg as follows: the ac value of Reé;"] should be larger because of phonon
scattering at high frequencies. Therefore, it appears that the
| =vpr~d. 4.2) anisotropy effects and the inelastic scattering effects nearly
cancel in this case.
From o, we deduce that the dg,, is smaller than the
infrared y,,. This is expected both from anisotropy of the
1 oe(K) scattering and its frequency dependence. The effect of an-
y(K)= —— = P (4.3  isotropy follows from the general result thet/7){ 7)=1 for
(k) | averages over the FS, singg.~(7) ' [Eq. (1.13] and

The scattering rater can then be expressed as
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Y~ {7 1) [Eq. (A4a)]. The effect of anisotropic scattering

. - % - Yxx
should be comparable to that observed in the Hall coefficient Txx= Uxx( 1=+, (A3a)
or the difference betweem,, and y,,. Enhanced electron-
phonon scattering in the MIR is also expected due to phonon y
emission at low temperatures which cannot occur for dc ex- Oxy= affy( 1-2i %’ 4o (A3Db)

citation. The phonon emission component to the MIR scat-
tering rate is estimated to be approximately %he fre-  , and v4y are different averages of the scattering over the
quency dependence due to anisotropy and electron-phongs given by

interaction is quantitatively consistent with the difference be-

tween the MIR and dg,y. $rdGv(k)|y(k)

YT TGSk (A%
V. CONCLUSION
We have demonstrated a MIR photoelastic polarization $rdSy(k)e,- v(k)xm}
modulation technique that can be used to obtain the complex _ dk (A4db)
MIR Hall conductivity in thin-film metals. The Hall frequen- Yxy dv(k)
cies obtained from these measurements are consistent with $rsdSe, | v(k) X dk }
band theory, while the Hall scattering rates are consistently
lower than those predicted from Drude analysis of zero-oy anday, are given by
magnetic-field transmittance measurements. This difference -
can be explained qualitatively in terms of the difference in -  lop
Fermi velocities, and hence the difference in scattering rates, T A’ (AS3)

for carriers in the neck and belly regions of the FS. The neck
and belly regions contribute differently to,, and oyy,
which can account for the difference iy and y,,. We Oxy= " 7 2+ (ASb)

hope that further band-structure calculations will be made to

better quantify these arguments. MIR Hall angle measurewhere w, and w are the plasma frequency and Hall fre-
ments have provided a sensitive probe of the FS anisotropguency, respectively, given by integrals over the FS defined
in thin-film metals, and since a number of theofiepredict  below where we have assumed cubic symmetry and used the
an anisotropic FS in high-temperature superconductors, thiweak-field approximation

technique may be useful for studying these less conventional

materials. 2 e’
wpzm ﬁ:SdS|V|, (A6)
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“HThc T $rd9V]

Consequently, the asymptotic forms @f and the Hall co-
efficient Ry are

In this appendix, we discuss the magnetoconductivity ten- .
sor within Fermi-liquid theor$? and the relaxation-time ap- o= s (A8)
proximation. These results are useful for analyzing the ex- H
perimental data. Applying the small-angle approximation

APPENDIX: THEORETICAL BACKGROUND
FOR THE AC HALL EFFECT

tan6,~6,, the sum rule org,, is'® . Amoy
HoH . RE=—. (A9)
w
J; Re Op]dw= 7 wy. (A1) Keeping the first-order terms f in Egs. (A3a) and (A3b),

one obtains the asymptotic expansions for the inverse Hall
Since w is greater than the carrier relaxation rates in theangle 6,]1 and Hall coefficienir,
experiment discussed in this paper, it is useful to consider the

asymptotic forms of the magneto-optical response functions o, "o H I_ i
for large w. For largewr, Oy~ = on + o +O| ] +O[ 2]+, (AL0)
1 ALY o 47w i 1 i
Tk)y=—F""=—+ e (A2) Xy _ H — il ] 4.
1 _Iw ) (,02 RH 0')2<y wlz)B 1+ P ’)/R+O wz +O ws + y
(k) (A11)

wherey(k) = 1/7(k) is thek-dependent scattering rate on the whereB is the magnetic field, and
FS. The limiting high-frequency behavior of the conductivity
tensor in Eqs(1.18 and(1.1b becomes YH=2Vxy™ Vxx (Al29
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Yr=2(Yxx— Yxy)- (A12b) I' and 3 are the real and imaginary parts of the memory
function, respectively, ani(k,w) is the mass enhancement
Equation A10 forg, ! is particularly useful since the scat- factor. Simple expressions can be obtained only for
tering effects andvy can be readily separated. Furthermore,k-independent scattering. In this case it is seen that the Hall
the high-frequency asymptotic form is seen to reduce to theoefficient is unaffected since the scattering effects cancel.
simple Drude form of Eq(1.3). Also, it is seen thaRy Therefore Ry remains frequency independent. The result for
becomes frequency dependent only when the scattering ratl,a,‘l is
is not constant on the FS. This follows from either Eg. _
(A11), where the leading frequency dependent term is pro- 0,1_F(w)—|w[1+)\(w)] (A13)
portional to ygr=2(yxx— ¥xy) (Which is zero for isotropic H ™ oy '
scattering, or in Egs. (1.13 and (1.1 where a
k-independenty can be taken out of the integrals and exactly =~ Therefore, similar to the behavior of,,, the Hall angle
cancels in the rati@'xy/g')z()(. has the same form as in the elastic scattering case but with
These expressions can be extended to include frequencyenormalized parameters. The real partgf gives the scat-
dependent, inelastic scattering in the memory functiortering function while the imaginary part gives the renormal-
formalism?* In this case y(k)—iw is replaced with ized Hall frequencyw},=wy/[1+\(w)]. The Hall angle
I'k,w)—i2(k,w)—iw=T'(k,0)—iw[1+\(k,w)], where sum rule is satisfied becaus¢w)—0 asw—».
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