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Recently, it has been shown how shift and ballistic currents in piezoelectric sillenite crystals Bi;;GeO, and

Bi,,Si0, can be separated experimentally under the assumption that the shift component of the circular current
is small. However, it has been claimed that the shift and ballistic currents cannot be quantified by this method, due
to the magnetophotovoltaic effect caused either by the change of the crystal’s spatial symmetry in the magnetic
field or by the breaking of time-reversal symmetry. Presently, we report observations of photovoltaic currents

in Bi;,Si0,, excited by linearly and circularly polarized light under weak external magnetic field, as well as
measurements of the corresponding photo-Hall signals. We demonstrate that the magnetophotovoltaic current
constitutes a significant fraction of the measured current in the Hall direction for Bi;;SiO, under specific

experimental conditions.

DOLI: 10.1103/PhysRevB.102.081113

The bulk photovoltaic effect (BPE) in noncentrosymmetric
crystals has been investigated in many ferro- and piezo-
electric crystals [1,2]. The BPE is a widely explored phe-
nomenon in noncentrosymmetric materials because it violates
the principle of detailed balance and because its application
in nanoscale electrode geometries has yielded unity or higher
quantum efficiency, even surpassing the Shockley-Queisser
limit of power conversion efficiency [3]. The BPE current
consists generally of two parts: ballistic jj [4,5] and shift cur-
rent jg, [6]. They flow in the same crystallographic directions
determined by the third-rank photovoltaic tensor, but can have
different signs and relative magnitudes.

The mechanisms of ballistic and shift current are com-
pletely different. Ballistic current jj, is caused by the asymme-
try of photoexcitation and recombination of nonthermalized
(hot) carriers in noncentrosymmetric crystals, which leads in
turn to the asymmetric distribution of carrier momentum in the
band. Without magnetic field, asymmetric electron-phonon
scattering or electron-impurity scattering leads to asymmetry
in the diagonal elements of the density matriX (O # Onn—k)
as well as deviation from the Fermi-Dirac distribution. Thus,
ballistic current is a transport type of photocurrent, which is
connected with the Boltzmann kinetics principle. The relax-
ation time of ballistic current is typically on the order of the
phonon lifetime 7 &~ 1-1072 ps > I'"!, where " = eB/m*c
is the Larmor frequency, m* is the electron mass, and B is
the magnetic field, permitting measurement of the Hall effect
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under illumination by linearly and circularly polarized light to
obtain the mobility of nonthermalized carriers [1].

The first density functional theory calculations of shift
current were reported in Refs. [7,8]. The shift current jg, is
related to the off-diagonal elements in the density matrix.
The absorption of a photon and the corresponding change of
electron energy is accompanied by its shift in real space of
the crystal, and therefore shift current, unlike ballistic current,
does not involve carrier transport. Since shift current is due to
coherent quantum wave-packet evolution during the absorp-
tion process, its relaxation time t is on the atomic timescale
(subfemtosecond to femtosecond), preventing observation of
the Hall effect because t <« I'"! for any applied magnetic
field B. The kinetic theory of shift current developed in
Ref. [6] and later within the framework of density functional
theory, has recently attracted renewed attention [7-13].

The situation becomes more complicated in the presence of
a magnetic field; magnetically induced asymmetric scattering
leads to an asymmetric photoelectron generation rate, and this
contributes to another type of photocurrent, conventionally
referred to as jy [14]. Photocurrent jy is connected with
time-reversal symmetry breaking due to the magnetic field.
Analogous to jp, jy is related with the classical motion of
carriers and thus can also be classified as “ballistic current.”
However, different from j, which does not depend on the
direction of magnetic field B, jg is only perpendicular to B.
Within a two-band model, at the weak-field limit, it can be
approximated that jy ~ u.mB(xjg,) [14], despite the fact that
their physical origins and characteristics are quite different.
Unth denotes the mobility of the scattered current and is
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assumed to be the same regardless of the light polarization.
Essentially, jg; can be simplified to the transition intensity
times the shift vector including the k derivative of the phase
of the transition matrix element. The asymmetric generation
rate of jy is calculated from the Boltzmann transport equation
by adding a Lorentz-force term. Though they have different
natures, under the approximation of two simple isotropic
bands, it turns out that the k derivative of the phase of the
transition matrix element can link the two currents, and the
proportionality between these two currents is established by a
model parameter x depending on the corresponding mobilities
and carrier effective masses [14]. The linear dependence of
ju on B makes jy mixed with the Hall signal of j,, and
the sum of these two is the as-measured Hall signal in
experiment. Other magnetophotovoltaic effects are possible
for magnetically responsive materials such as paramagnetic
or magnetostrictive materials, but the presently considered
mechanism of jy photocarrier scattering by the magnetic field
is perhaps the most general.

It has been presumed that the photovoltaic current excited
by circularly polarized light, circular bulk photovoltaic (BP)
current, is pure ballistic[1]. However, the BP current excited
by linearly-polarized light (linear photovoltaic current j,) is
the sum of ballistic and shift components. The existence of
shift current follows experimentally from the fact that the mo-
bility measured for linear photovoltaic current, p, = jf /jeB,
does not equal the mobility of circular current, u. = j®/j.B
(e # we). Here j2 and j? denote the Hall signal with linearly
and circularly polarized light, respectively. Under linearly
polarized light, j, = je, + Jjs is the total BP current. jy, is
the ballistic current under linearly polarized light, and jf is
the sum of the photo-Hall signal of j;, and jz. We note since
Jsn describes coherence between wave packets rather than a
transport process, it does not contribute to the Hall signal ;2.
Using the relation between jgy and jg, according to Ref. [14],
j& has the form

JE A~ By + Xjsn)- (1)

Under circularly polarized light, the photocurrent j. = j.p,
which is the pure ballistic current (phonon induced) due to
the circularly polarized light, and now the equality u. =
Wt 18 permitted by ju = jo = 0. j® = pw.Bje, only has the
photo-Hall signal of j.,. Therefore, the difference between
te = tintn = jB/jeuB and pe = j¢ /(i + jsn)B can help dis-
tinguish the ballistic current from shift current.

The first separation of ballistic and shift currents in this
manner was performed only recently [15] by means of linear
and circular BP currents under magnetic field in sillenite
cubic piezoelectric crystals Bi;;GeO,y (BGO) and Bi3Si0yg
(BSO). Consistent with the aforementioned assumption, in
Ref. [15] it was emphasized that this method of shift and
ballistic current separation is valid only in cases when the
circular photovoltaic current is mainly or completely ballistic.
In addition, the separation of j, and j, was previously per-
formed for x = 0, corresponding to the absence of the magnet-
ically induced photocurrent jy [15]. This is an experimental
reveal of shift current existence. If jy is also present, the
uncertainty in parameter x does not permit in the common
case determination of the values of j, and jy. However,

the uncertainty of x can be bounded in a simple manner, as
the value of jy, changing the Hall signal of nonthermalized
carriers, cannot be large. We note that this parameter x was
never observed experimentally.

If the Lorentz Hall signal of the pure ballistic current is
denoted by H; = u.Bj, and the magnetically induced pho-
tocurrent by H, = u.Bx jg, it is reasonable to accept the limit:

|Hy/H;| < 1, @)

considering that the effect of magnetic scattering is smaller
than that of electron-phonon scattering under a weak magnetic
field. To formulate j,/j; we have two conditions: (1) The
linear (ballistic and shift) photocurrent is not changed with
the magnetic field B, so we can always write

Jeb + Jsn = Je- 3)

(2) If we introduce the parameter r = ¢/ ., according to the
definition of j# and j,, we obtain the equation

Jeb + Xjsn R 1. 4

It was shown experimentally [15] that for BGO and BSO
r < 1. In the general case, the solution of (3) and (4) is
impossible due to uncertainty in the value of x. However,
for a small value of r, the separation of j, and jg could
be accomplished. The existence of shift current follows from
r < 1, as was experimentally established in Ref. [15]. For a
few spectral points, we observed r < 1 and r < 1. For these
points, we performed our analysis.
From (3) and (4) follows the relation
xX—r
Jev/ Jsn = .
r—1

The modulus of the ratio between the magnetically induced
photocurrent jy and the phonon-induced ballistic current jy,
in accordance with (5) is

&)

(r—1)
(x—r)

Thus, a set of measurements made at low magnetic fields
can be used to deduce the strength of magnetically induced
photocurrent under the conditions and assumptions outlined
above.

We measured values of photovoltaic and photo-Hall cur-
rents under linearly and circularly polarized light in single-
crystal gyrotropic cubic piezoelectric Bij»SiOyp (symmetry
point group T') having one linear component Gf 4 and one cir-
cular component G§, of the bulk photovoltaic tensors Gfkl and
G, [2], respectively. Measurements were performed at room
temperature under polarized monochromatic Ar-Kr ion laser
irradiation of intensity ~ 132-777 mW cm ™2, using commer-
cial single crystals (MetaLaser Photonics, Nanjing, China).
The circular and linear currents were extracted by electro-
optic modulation using a Pockels cell (Conoptics, Danbury,
CT). The measurements of Hall components of linear and
circular current were performed under magnetic field B =
0.7 T (Montana Instruments, Bozeman, MT). The energy gap
of the sillenite is ~3.2 eV, and we performed measurements in
the extrinsic impurity region of 450—-650 nm. The photovoltaic
Jji and j. were obtained through radio-frequency sputtered

|[Hy/Hi| = |xjsn/ jes| & |x
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FIG. 1. Magnetic field dependence of (a) as-measured linear Hall signal at selected wavelengths, and (b) as-measured circular Hall signal
at selected wavelengths. Current densities are normalized to incident intensities.

indium tin oxide transparent electrodes along one of the (100)
directions. The method of measurements was described in
detail elsewhere [15]. As follows from above, the measured
photovoltaic current has extrinsic character and is caused by
the excitation of electrons from impurities to the conduction
band. The photoconductivity in BSO (like BGO) is n type,
arising from Bi*® donors, and the mobility of thermalized
electrons j1, is very small (1072-10"% cm* V~1s71) [16,17].
Nonthermalized electrons are distinguished from thermalized
carriers undergoing hopping conduction by their relatively
large mobility. Figure 1 shows the magnetic field dependence
of the as-measured linear and circular Hall currents. The linear
variation of the photo-Hall signal with magnetic field B is
demonstrated clearly for both scenarios. In Fig. 2 we show the
measured linear and circular photovoltaic currents at selected
wavelengths and the optical absorption in BSO, along with the
measured linear and circular photovoltaic Hall currents corre-
sponding to B = 0.7 T. From photovoltaic and Hall currents,
the nonthermalized mobilities p, and . can be calculated,
and they exceed u,;, by a few orders of magnitude [Fig. 3(a)],

yielding the parameter r = u,/u., which is seen to vary for
different wavelengths measured [Fig. 3(b)]. Figure 3(b) shows
r is larger when @ > 2.4 eV and drops significantly when w
is small. According to Egs. (3) and (4), this reveals that the
magnitude of magnetophotovoltaic effect x j, varies with the
light frequency w, and it is connected with transitions from
impurities to conduction band. This trend shows that for BSO,
the magnetophotovoltaic effect is stronger for impurities with
deeper energy levels. From Fig. 3(b) it is seen that at least
for three spectral points r << 1 or r & 0.2, and our following
discussions are based on these points.

Let us consider r in (4) as a small parameter (0 < r < 1).
Here, we discuss three main cases:

(1) |x| > r, r < 1. Following (3), (4), and (5), je/Jjsn ~
—x, e is canceled with jy when x ~ 1. j, = (1 — x)jgu
is the linear photovoltaic current. The ratio of Hall signals
is |Hy/H;| =~ 1. In this case, without the magnetic field, jy,
is at the same order of magnitude to j;, and we can observe
both types of currents under this condition. When we apply
the magnetic field, the magnetically induced photocurrent
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FIG. 2. Dependence of (a) linear and circular photovoltaic current, and absorption coefficient ¢, and (b) linear and circular photo-Hall
currents at selected wavelengths, for B = 0.7 T. Current densities are normalized to incident intensities.
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FIG. 3. (a) Nonthermalized mobilities v, and p. for linearly and circularly polarized light, respectively, and (b) parameter r = w,/u., at

selected wavelengths. The dashed line is a guide for the eye.

X jg s close to phonon-induced ballistic current j,;, which is
attainable when the magnetic scattering is at the same order
as the phonon scattering.

(2) |xl < r. In this case jop/jsun ~ 1, jou > jep, and
|Hy/H;| < 1. Since r < 1, this reveals that j,, < jy,. How-
ever, this is unlikely for an impurity band transition, where
the photocurrent should be dominated by scattering-induced
ballistic current, and jg, > jg. Also, |Hy/H;| < 1 reveals that
in the presence of the magnetic field, the magnetically in-
duced photocurrent x j;, is much smaller compared to phonon-
induced ballistic current jg,, and the magnetic scattering is
much weaker compared to phonon scattering.

(3) |x| and r are of the same order. In this case j;,/ ju &
r—X. jsp > Jjobs |H2/H]| > 1. The directions of Jsh and Jeb
can be opposite or the same depending on the sign of r — x.
In this case, the BP current is dominated by jy;, and the effect
of asymmetric scattering is very small. Similar to case (2),
this is also very unlikely for an impurity band transition. In
the presence of the magnetic field, |H,/H;| > 1 reveals that
the magnetic scattering is much stronger than the phonon
scattering.

In conclusion, we emphasize once more that the existence
of shift photovoltaic current directly follows from py # ..
As seen from (5), in the general case the experimental pa-
rameter r = ¢/, does not permit precise determination of
values of jg and j, due to the uncertainty of x. But the

degree of smallness of r in the extrinsic spectral region makes
this separation more robust and quantitative. When r < 1,
the separation between shift current jg and ballistic current
J» can be successful. This corresponds to our measurements
under specific experimental conditions. Based on the above
discussions of the three cases, it is most likely | j,| & x| jg| for
an impurity band transition. This equality shows that when we
apply magnetic field, the magnetically induced photocurrent
Xxjs, is at the same order as the phonon-induced ballistic
current j,. This demonstrates that the magnetophotovoltaic
effect is significant in the presence of the magnetic field, and
the magnetically induced scattering in BSO is significantly
large, of the same order as the phonon scattering.
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