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Band Mobility of Photoexcited Electrons in Bi12Si03¢
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We determine the band mobility of photoexcited electrons in cokiype Bij;SiO,;. We measure a
room-temperature mobility &f.4 + 0.5 cn?/(V s) that decreases monotonically t@ + 0.3 cn?/(V's)
as the temperature is increased to 200 We show that electrons in B5iO,, form large polarons.
Our results are predicted by strong coupling polaron theory if the band mass of the electrons is chosen
to be2.0 = 0.1 electron masses. We determine the electron-phonon coupling constant and effective
longitudinal optical phonon frequency required for this prediction from the available infrared reflectivity
spectrum of Bj,SiOy. [S0031-9007(96)02214-4]

PACS numbers: 63.20.Kr, 42.70.Nq, 72.10.Di, 72.20.Fr

The mobility of a photoexcited electron drifting in the charge-induced index change caused by the separation
conduction band of transparenttype cubic B{,SiO of the free carriers from their excitation point. HTOF
crystals (-BSO) at 300 K has been reported to lie techniques offer two distinct advantages over regular
between 3 and cn?/V s [1-3]. If the usual independent- time-of-flight methods: (1) The length scale is set by the
collision model were used to describe this drift, thespatial period of the sinusoid and is easily varied. (2) The
thermal mean free path-0.2 nm) would be less than the movement of the photoelectrons is measured optically,
de Broglie wavelength of the electron, and the collisionallowing a higher time resolution (given by the laser pulse
rate times the Planck constant (the uncertainty in théength, which is 30 ps in our case). HTOF measurements
electron energy) would be an order of magnitude greatetan be performed in the presence of an applied electric
than the thermal energy. In this “strong coupling” casefield (drift mode [13], or without any applied field
the Boltzmann equation cannot be expected to apply. Wiffusion modg [9,14], where purely thermal diffusion
report measurements of mobility vs temperatureHBSO  of the photoexcited charge distribution is measured. In
which can be explained well by a “polaron” theory that this work we use the HTOF technique in diffusion mode,
avoids the limitations of the Boltzmann equation [4—7]. which has a number of additional advantages: (3) no

An electron in a polar crystal polarizes the lattice in itselectrodes are needed, (4) no particular sample shapes are
neighborhood. The electron moving with its accompany+equired, and (5) no uncertainties are introduced because
ing lattice distortion is called a polaron. We argue thatof possible internal electric field variations caused by
a photoelectron im-BSO constitutes the clearest case oftrapped space charge.

a strongly coupled “large” polaron, i.e., a polaron whose The experimental four-wave-mixing configuration is
wave function extends over many atoms, so that the eleshown in Fig. 1. We use a frequency-doubled Nd:YAG
tron can be thought of as interacting with phonons rathelaser that produces 30 ps, 532 nm pulses at a repetition
than with independent atoms. Previous examples of largeate of 5 Hz. A beam splitter sends part of a pulse
polarons were found in a variety of alkali halides, whereinto a delay line, to act as a probe beam, and the
mobility values lie above-12 cn?/V s, the values for KCI  other part is split again into two write pulses that arrive
and KBr at 330C [8]. These materials are closer to the simultaneously in the sample. They excite a sinusoidal
case of independent collisions. Band mobilities lower tharelectron distribution,<sin(K,z), from donor sites with

in n-BSO, like the value ob.5 = 0.1 cn?/Vs found in  energy levels near the middle of the 3.2 eV band gap
orthorhombic KNbQ [9], correspond to “small” polarons. into the conduction band. Their charge is compensated
Small polarons have a wave function extending less thamitially by that of the newly created ionized donor sites.
an interatomic distance and move by hopping or tunnelindiffusion tends to make the conduction band electron
[10]. Many even smaller mobility values are reported fordistribution uniform, uncovering the space-charge field
various insulators, but these generally reflect the effects af,. of photoionized donor sites with the following time

shallow traps [1,11]. dependence [13,14]:

n-BSO has a sufficiently large linear electro-optic E ; 1 — exo(—1 sin(K 1
effect, so that charge separations can be easily seen. (2 _)loc[ . o ./T)] (Ks2), _ @
Therefore, we determine the electron mobility using thevhere 7! =1y + 1. 7 is the average time for

holographic time of flight (HTOF) method [9,11—14], photoexcited electrons to remain in the conduction band
in which two interfering laser beams excite a spatiallybefore going to uniformly distributed traps of unknown
sinusoidal pattern of charge carriers in the bulk oforigin. p is the diffusion time,

the sample. The evolution of this pattern is measured = e )
optically by observing the development of the space- K2ukT
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10 - Refs. [15,16]. The SU1 sample has been used in previous

s % ] HTOF experiments in the drift mode [2,11,13].
. ﬁ@%’% ﬁtﬁ%ﬂjﬁ% The result of a typical measurement is shown in Fig. 1.
ﬁ}%}{ iy it When the probe pulse precedes the write pulse, there is
%- + ] only a small signal. A relatively strong signal caused by
08 ]{,} _ T third order nonlinear effects is observed when the three
%, #T signal pulses are present in the crystal at the same time. When
w2

srasing baam . © - ) .
il | the probe pulse is delayed (positive times in the figure),
0.4 BS I dala i i i i
i ﬂ y one sees the diffracted signal increase as the photoexcited

'S

& . electrons diffuse away from the positive ions at which
B T they were bound, thus creating a space-charge field.
2 w1 ample ] The signal observed before zero delay has amplitude
o] . . . . . ; Ey and is due to scattered light from the probe pulse and
o L 2 8 to the remains of a grating that is not completely erased
L L) by the argon laser beam (scattered light from the write
FIG. 1. Diffracted signal vs probe-pulse delay time in samplepulses was taken into account separately). Although it
CT3, at a grating spacing df.38 um. The inset shows the is very small, this background grating needs to be taken
experimental arrangement. Two pulses wl and w2 (532 nminto account when measuring the buildup time. We fit the
\?V%igli)igrggﬁl‘:{]e;[’he sample at the same time. The probe pulsgietecteq diffraction efficiency to n(r) « |Ex(f) + Eol?
propagating to wl, is diffracted by the space L ’
charge grating and produces a signal pulse counterpropagatij%}/ adjustingEo and 7 [,See (D] . The relative p.hases_ _Of
to w2. The beam splitter BS sends the signal pulse into thésc and Ey are uncertain, especially at the low intensities
detection system. The beam diameters are 1.7 mm for thevhere we performed the buildup time measurements. For
write beams and 0.5 mm for the probe beam. All beams argach data set we perform two least squares fits: once
vertically polarized. The grey arrow represents a cw eras_lngmposing a phase shift of 9tbetweenE, and Es. and
beam at 514 nm. It illuminates the crystal from the top with . . . ; —
an intensity of approximatelg.1 W /cnr?. once imposing a 0 phase shift. To obtain a final value for
the rise time, we average the results of the two fits, which
differ by 20% at most.
In order to determine the mobility accurately, we must
Here e is the unit chargek, is the magnitude of the establish that we are in the low-fluence limit discussed
sinusoidal space-charge modulation wave vecjorjs above. To do this we measure the fluence dependence
the band mobility,k is Boltzmann’'s constant, an@l is  of both the buildup time and the magnitude of the
the absolute temperature. This analysis assumes thatsignal. Figure 2(a) shows the grating amplitude and the
small fraction of the donors are photoexcited, and thabuildup timer as a function of write fluence in sample
the evolution of the photoelectron pattern is dominated byCT3. For small fluences, the grating amplitude grows
diffusion, as justified experimentally below. linearly with the fluence of the write pulses, and the
The space-charge field of (1) modulates the refractivduildup time is a constant independent on fluence. As
index of the material via the linear electro-optic (Pockels)the write fluenceF approacheslO mJ/cn? saturation
effect. We detect the resulting phase grating by diffracteffects appear [9]. From the data in Fig. 2(a) one derives
ing the time-delayed probe pulse from it (see Fig. 1). Wea photoexcitation cross sectian between~10"'% and
note that the buildup time of the space-charge field (1)I0~!7 cn?, consistent with an earlier estimate [15]. We
does not depend on the write fluence [14], and that it iperformed all the mobility measurements described below
given by the diffusion time when it is much shorter thanwith a write fluence of the order df mJ/cn?.
the free carrier lifetime. We know that photoexcitation The dependence of the buildup times on grating spacing
of holes is not influencing our measurement, for, if hole2w /K, is shown in Fig. 2(b). The data points were ob-
transport were significant, we would not observe the timeained by averaging several measurements. The buildup
dependence in (1). time is proportional to the square of the grating spacing.
The sample is homogeneously illuminated all the timeThis confirms that the electron avoids shallow and deep
by a 514 nm argon ion laser beam with an intensity oftraps for so long that the buildup time corresponds to
approximately0.1 W/cn?. In the 0.2 s interval between the electron diffusion timerp and the grating buildup
two measurements, this illumination erases the spacés dominated by diffusion [see (1), = 7p]. The elec-
charge induced grating created by the write pulsestron lifetime 7o in the SU1 sample has been indepen-
During the measurement time (a few ns) the erase beadently determined to b6 = 2 ns [13]. The solid line
deposits 6 orders of magnitude less energy than the write Fig. 2(b) is the result of a least-squares fit of (2) to the
pulses. We verified that it does not affect our results.  data of both samples, with only the mobility as a free pa-
We use three nominally undoped-BSO samples rameter. It gives a mobility value &4 + 0.5 cn?/Vs.
labeled SU1, CT1, and CT3. These crystals are wellThe buildup times in the SU1 and CT3 samples are the
characterized by many experiments as described isame within the experimental error. This suggests that the

diffraction efficiency [a.u.]
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L= orting ampituge ful, | A — mobilty = 3.4 omP/(ve) at longer grating spacings from 0.4_13Qd7 pum give the
o build-up time [ns] @ oo o cCTs same temperature dependence, within experimental error.
Tk 53 A I} 15 gosp = SV The observed decrease of the mobility with rising
2F A 18 271 temperature and the polar nature of theBSO lattice
g TR g 18 ".3“' suggest that the band mobility is controlled by interaction
2t if 1z 3% with longitudinal optical (LO) phonons [4-7]. The
{ 18 osf 1 interaction of an electron with a polarizable lattice has
o L (f“‘) o . ‘ (b) been studied in Refs. [5-7] starting from the “Frohlich
' peakfiuence [mJiem?] ®  ating spacing [l ° Hamiltonian” which has three material parameters: the

) ) ) ) ) electron-phonon coupling constamt a single LO phonon
FIG. 2. (a) Grating buildup time and amplitude vs write pU|Sefrequencnyo and the effective mass of the electron in
fluence in sample CT3 for a grating spacing0df6 wm. The ducti ’ band he alkali halid | h
dashed line gives a linear dependence of the grating amplitudd'® conduction band. In the alkali halide crystals where
on fluence. (b) Log-log plot of the grating buildup timevs ~ much of the polaron theory was applied [8], a single LO
grating spacing in samples SU1 and CT3lanJ/cnv fluence.  phonon frequency is appropriate. HoweverBSO has
The solid line is obtained from Eq. (2) using a mobility value many polar optical vibrational branches with frequencies
of 3.4 cn?/Vs. between50 and 900 cm~! [19]. In order to apply the
extensive predictions of the existing polaron models [4—

mobility is an intrinsic property of the material. This idea /] 10 our results, we have devised two mathematical
is also supported by our measurements in the CT1 crysichemes to imitate the phonon structureniBSO by a

tal at the two largest grating spacings, where we foundingle “average” or “effective” LO phonon branch having
the buildup time to agree with the results in Fig. 2(b).fréquencyrio sz ar;d OSC'”"j‘tlor stgngthV Hz. These
Our mobility value is consistent with other, less accu-are related bYW=/vio) = €,” — €. Heree. =5.7
rate results reported previously [1-3]. A mobility of 1S the long wa\_/elerjgth limit of the electronic cor_1tr|but|on
50 cn?/V s derived from grating buildup time in a similar O the refractive index squared, and. =50 is the
experiment [17] is erroneous because trapping, not diffu¢/amped dc dielectric constant. Our schemes determine
sion, dominated the dynamics [18]. vLo and W from the experimental infrared reflectivity
Figure 3 shows the temperature dependence of the barpectrum ofn-BSO at room temperature [19]. In terms
mobility in CT3 and SUL. The sample was enclosed in & ¥Lo and W, the dimensionless coupling constadmt
temperature-controlled oven with small apertures for thélefined by Fréhlich is
laser beams. We set up the experiment at room tem-
perature and selected an appropriate write fluence around @ = (W/v10)? (Ry/hvio)? (m*/m.)"2,  (3)
1 mJ/cn? as described above. We raised the temperature,
stopping every 2830° to stabilize it and perform a mea- where Ry = 13.6 eV is one Rydberg of energy; is
surement. Care was taken not to change the adjustmeRtanck’s constanty™ is the effective mass of an electron
of the experimental setup when changing the temperaturi@ the conduction band (with no phonons), and is the
of the crystal. The data in Fig. 3 were obtained at a gratelectron mass. Using the frequency dependence of the
ing spacing 00.38 wm. Other measurements performeddielectric constant of-BSO we obtain, from one scheme,
W/c=195cm! and v o/c = 504 cm™!, and thus a
coupling constanty = 2.25\/m*/m,. A second scheme
givesW/c = 195 cm ! andv;o/c = 495 cm™ ! instead,
which makes negligible difference in the predictions.
Since our experiment was performed above room
temperature, we use the general result [Egs. (46) and (47)]
of Ref. [7], obtained before the low temperature limit was
taken,

e i« ph

2w vLom* wo= 3\/_? sinh(B/2) w3 K(a,b), (4)

mobility [cmZ/(Vs)]

where u is the mobility, 8 = hvio/kT, K(a,b)
[o ducodu)/[u* + a*> — b cogvu)P/?, a® = (B/2)
RpBcothBv/2), b =RB/sinhbBv/2), R = (v?
L w?)/w?v, and v,w are temperature dependent varia-
300 400 s00 tional parameters [5,6]. We find that puttihg= 0 in (4)
Temperature [K] makes less tha.1% error throughout our temperature

FIG. 3. Electron band mobility vs temperature in sample surange. This is useful becaugia,0) = Ki(a)/a, where
and CT3, and predictions of Eq. (4). K is a modified Bessel function [20]. We note that (4),
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