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In situ visualization of the quasi-periodic crystal
growth interface fluctuation by growth interface
electromotive force spectrum in a Czochralski
system
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Inhomogeneity and striations stemming from growth interface fluctuation impair the performance of bulk

single crystals. Although an enormous number of theoretical and experimental simulations have general-

ized interface fluctuations, in situ detection at high temperatures of the constantly-changing Czochralski

(CZ) system is still unattainable. To solve this issue, we used growth interface electromotive force (GEMF)

to reveal interface fluctuations and visualize both the corresponding subtle growth rate and temperature

fluctuations in a real CZ system. In addition, GEMF could present the regularity of the coupled melt con-

vection as well as predict a gradient surface morphology. Notably, the visualization of the above phenom-

ena is far beyond the capability of current crystal growth sensors. However, based on the GEMF method,

significant evidence to reveal convection instability is achieved. More importantly, the high-precision in situ

GEMF feedback could bridge the quasi-periodic interface fluctuation with convection control approaches

and serve as visual guidance for optimization of the growth system, which serves to achieve a striation-free

high quality crystal boule.

1. Introduction

Single crystalline materials have supported the development
of optic and electronic fields for decades. Moreover, numer-
ous techniques have been investigated to optimize crystal
quality. Among all the growth methods, the widely used
Czochralski (CZ)1 system could be essentially generalized as
an epitaxial process of a solid-melt interphase (growth inter-
face), which is the core region to determine crystal quality.2–4

However, it is also a hidden region, since the interface con-
vection and temperature fluctuations are barely observed dur-
ing growth.5–8 These fluctuations are mainly driven by three
factors: output power, crystal rotation and melt convection.9

The first two are external factors and depend on the growth
system, but the third is an internal factor, which has been
widely investigated and even simplified as a typical CZ con-
vection parameter.10–12 In the CZ melt model, Marangoni and
buoyancy flow (natural convection) are driven by temperature
differences in the melt, and the Ekman flow (forced convec-
tion) derives from the crystal or crucible rotation.13–19 Inevita-

bly, the competition of natural and forced convection will
fluctuate the crystallization process drastically, which is the
essential factor for macroscopic defects such as growth stria-
tions and component segregation.16,20,21 Although they are
regarded as intrinsic defects and seem unavoidable, methods
including microgravity, magnetic field, ultrasound field, accel-
erated crystal/crucible rotation technique (ACRT) and axial vi-
brational control (AVC)22–26 have been tried to settle this issue
at the source, namely, suppressing interface fluctuation by
manually controlling the flow. The above methods perform
well in melt homogenization, but unfortunately, the suppres-
sion of melt fluctuation cannot function through the whole
growth process. This is due to the constantly-changing melt
flow beneath the interface that is extremely sensitive to distur-
bances and strongly affected by growth condition. Although
an enormous number of quasi-steady state simulations have
revealed the thermo- and hydrodynamic processes of CZ crys-
tal growth,2,27,28 the time-dependent fluctuation of practical
melt convection is still unpredictable.29 Thus, without in situ
feedback of the growth interface, diverse fluctuation suppres-
sion methods can hardly perform as expected.

In this study, we visualized the subtle growth rate fluctua-
tions and temperature undulation by growth interface
electromotive force (GEMF). In addition, an odd morphology
of gradient striations was predicted and validated to
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demonstrate the outstanding sensitivity and accuracy of the
GEMF method. The widely investigated congruent lithium
niobate (CLN) single crystal was selected as the study
carrier.30–32 Based on our previous study on the GEMF spec-
trum and the in situ detection of growth striations in CZ sys-
tems,33,34 we tried to reveal interface fluctuations with the aid
of the sensitive response of GEMF to crystallization and super-
cooling phenomena.35 Since GEMF contains electro-motive
force (EMF) generated from the crystallization, transport and
segregation of ionic species,35 the related factors of ion accu-
mulation and component segregation could be revealed. Par-
ticularly, in the CZ melt growth system, the above factors are
strongly tied to the growth rate and supercooling degree,
which could act as visual guidance to reveal interface instabil-
ity and optimize crystal quality.

2. Material and methods
2.1 Bulk single crystal growth

The CLN raw mixture consists of high purity (99.99%) Li2CO3

and Nb2O5 in a molar ratio of 0.946. After ball milling and cal-
cining, the CLN polycrystalline powder was melted (above 1240
°C) in a platinum crucible (radius R = 40 mm, height H = 50
mm, melt level h = 35 mm) in a CZ furnace. Before crystal
growth, the seed crystal, crucible and thermal insulations were
well aligned. The eccentricity of the crystal rotating system was
limited to 0.3 mm, which represented the radius difference be-
tween the crystal boule and rotation edge. Then, the single crys-
tal was grown along the z-axis [001] in 10 mm radius (r). The
pulling and rotation rates, within 1–10 mm h−1 and 1–30 rpm,
respectively, were chosen to characterize the specific convection
and temperature phenomena in the GEMF spectra.

2.2 Temperature measurements

Three thermocouples (T, T′, T1) were added for three specific
experiments. As shown in Fig. 1a, T is the conventional mea-
suring point for CZ crystal growth. Another thermocouple T′,
placed in the melt beside the growth interface, rotates with
the boule and records the azimuthal temperature variation si-
multaneously. When T′, T and the melt level are set in a hori-
zontal line, the temperature difference (Tdif) between the

growth interface and the edge of the melt could be obtained.
Therefore, combining with the known growth parameters,
the important hydrodynamic parameters, namely, Grashof
and Reynolds numbers (Gr and Re, respectively), could be
calculated to benefit the numerical simulation study. Gr =
gβTTdifR

3/ν2 and Re = ωr2/ν,36 where g is the gravitational ac-
celeration (9.8 m s−2) and βT is the volumetric expansion coef-
ficient (1.7 × 10−4 K−1). The kinematic viscosity (ν = μ/ρ) is
1.12 × 10−5 m2 s−1, where μ is the viscosity (4.12 × 10−2 kg m−1

s−1) and ρ is the density (3.67 × 103 kg m−3) of the CLN
melt.37 Then, in our system, since Tdif was 27 K and ω was
the angular velocity of crystal rotation (rad s−1), Gr was 22 950
and Re at 1, 14, and 30 rpm was 0.93, 13.08 and 28.04, re-
spectively. It should be noted that in growth duration, Tdif
gradually changed with the melt level and the growing boule,
but T′ in our study was only measured at the beginning of di-
ameter control. In addition, T1 was attached to the seed crys-
tal to record the GEMF hysteresis loop. Furthermore, to com-
pare the loops at different pulling rates, the temperature
range of T1 was deliberately limited.

2.3 GEMF hysteresis loops and components

As shown in Fig. 1b, the hysteresis loop refers to the GEMF
variation (ϕGE vs. T1) during the growth, hovering and melting
of a growing boule.34 The obtained hysteresis potential is due
to the multicomponent EMFs in GEMF. Specifically, it is
composed of thermal EMF and crystallization EMF (ϕCE), ϕGE
= ϕsbk + ϕscl + ϕCE. The thermal EMF is considered as a collec-
tion of Seebeck EMF (ϕsbk, relates with the pulling height)
and supercooling EMF (ϕscl). In fact, ϕscl is also a type of
Seebeck potential, but only exists in the growth process and
linearly increases with growth rate (v) (ϕscl = A × v, where A is
the supercooling coefficient).38 In addition, ϕCE comes from
the partitioning of opposite ions on both sides of the inter-
face, and shows the opposite behaviour and reverses from
crystallization to dissolution.35 Furthermore, benefitting from
the above physical and chemical characteristics of EMFs, a
detailed description of the hysteresis potential could be
drawn, as shown in the inset of Fig. 1b. Since ϕsbk is the only
remaining EMF in a hovering boule, the connection of both
ends of hovering lines could separate the hysteresis potential
into growth (ϕgrowth = ϕCE + ϕscl) and melting EMFs (ϕmelting =
ϕCE). Moreover, Aleksandrovskii generalizes the growth inter-
face as a semiconductive model that connects growth rates
with the hysteresis potentials;39 considering the Seebeck ef-
fect, the supercooling degree (Tscl) is proportional to ϕscl.

38

Then, the functions of ϕgrowthĲv) and TsclĲv) in different
growth rates could be obtained as shown in Fig. 1b,34,38–40

ϕ growth = [ϕ0 ln(1 + v/v0) + A × v]/2 (1)

Tscl = A × v/(αL − αS) (2)

where ϕ0 = 3.65 mV, v0 = 1.51 mm h−1 and A = 0.25 mV h
mm−1 are the fitted system-dependent coefficients in our CZ

Fig. 1 (a) Schematic of crystal growth system, GEMF data acquisition
system and melt convection configuration. (b) The GEMF hysteresis
loops, acquired from growth, hovering and melting processes in
different growth rates, could fit out the relationships among crystal
growth EMF, supercooling EMF and growth rate: ϕgrowthĲv) and ϕsclĲv).
The inset presents the detailed components of hysteresis potential.
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system; αL = 0.23 mV K−1 and αS = −0.71 mV K−1 are the
Seebeck coefficients of the CLN melt and solid,
respectively.34

2.4 GEMF signal acquisition and processing

In the CZ system, the GEMF spectrum was acquired between
the platinum crucible and the pulling rod (as shown in
Fig. 1a). The obtained GEMF spectra at different rotation
rates are processed via fast Fourier transform (FFT) with a
Hanning-window. Due to the crystallization and thermal phe-
nomena at the growth interface, the power spectrum of the
mean squared amplitude (power as MSA) of the specific
GEMF spectrum could present the characteristic peaks of the
melt convection and crystal rotation together. Since the
Seebeck EMF simply relates with the pulling height, in FFT
processing, it appears as an ultra-low frequency with consid-
erable amplitude and should be filtered out from the MSA
spectrum. Then, if we extract the characteristic waves from
the GEMF, the specific performance of convection and rota-
tion could be investigated. Further analysis and prediction
could be verified by the real surface morphology (striations)
of the as-grown crystal. In the GEMF data acquisition system,
a multimeter (Keithley 2100) was used to capture the electric
signal at a sampling rate of 10 S s−1 (samples per second).
The morphology of the crystal surface was scanned by a high-

resolution atomic force microscope (AFM, Asylum Research
MFP-3D infinity) with a low noise of 0.15 nm.

3. Results and discussion

The interface is one of the most important aspects of crystal
growth, whose temperature variation in the rotation path
generates rotation striations directly.41 In addition, the com-
plex flow pattern in a free melt surface disturbs the stable
interface. More importantly, the elusory melt flow fluctuates
the growth interface drastically. The rotation-based tempera-
ture variation is due to the unavoidable mechanical imbal-
ance and dissymmetric temperature field;42 the intrinsic azi-
muthal temperature undulation in the melt surface comes
from the “spoke” flow pattern controlled by the coupled
Marangoni-buoyancy convection.14,43 Moreover, the forced
convection further complicates the CZ-melt and forms a “cold
plume” instability.10 Clearly, the conventional measuring
point beside the high-heat crucible cannot reflect the temper-
ature and convection fluctuations under the growth interface,
let alone the camera above the melt and the weight sensor
which is not sensitive enough. Our solution depends on the
sensitive GEMF spectrum, which takes three cases, namely,
low, medium and high crystal rotation rates (1, 14, and 30
rpm) as examples for the following discussion.

Fig. 2 (a) The rotation-induced azimuthal temperature undulation (R-temp, ΔTR) at 1 rpm; the dashed line depicts the measured temperature un-
dulation of the thermocouple (ΔT′) rotating with the boule. The displacements of inflection points (pink arrows) are labelled. The insets present the
original GEMF (O-GEMF) data, corresponding MSA spectrum and growth (rotation) striations. (b) The R-temp undulation and the convection-
induced variation of supercooling degree (Tscl) in 30 rpm, the convection-induced temperature undulation (C-temp, ΔTC) is 1.0 °C. The insets pres-
ent its O-GEMF, corresponding MSA spectrum and growth (convection and rotation) striations. (c) The pie graphs visualize the spoke flow patterns
and azimuthal temperature undulations at low, medium and high rotation rates. The eccentric-disk rotation model is labelled at 1 rpm, the blue
and black dots represent the centres of crystal rotation and boule, respectively; the black dashed circle represents the eccentric rotating growth
interface; the grey loop and the grey dashed circle draw the temperature undulation of the thermocouple (ΔT′) and the corresponding undulation
centre, respectively. (d) The crosswise comparison of the rotation-induced azimuthal temperature undulations at different rotation rates.
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3.1 Azimuthal temperature undulation

At a rotation rate of 1 rpm, as shown in the insets of Fig. 2a,
the main peak (tR-1 = 59.88 s) in the FFT-based MSA spectrum
proves that the original (O-) GEMF spectrum is highly consis-
tent with the actual rotation period (60 s). In addition, the di-
rect correlation between the GEMF and the rotation could be
proved by the morphology of the growth striations.33 Specifi-
cally, considering a pulling rate of 10 mm h−1 and the draw-
down of the liquid level, the equal-spaced rotation striation
(dR = 178.5 μm) is coincident with the GEMF fluctuation. In
addition, the spectrum amplitude possesses further impor-
tant details of the temperature. Since the forced convection is
weak at low rotation rates, the flow pattern is simply con-
trolled by the coupled Marangoni-buoyancy convection in the
free melt surface.43 In this case, the temperature is solely re-
sponsible for affecting GEMF, which implies that the GEMF
fluctuation can be simply ascribed to the Seebeck effect.
Therefore, the quantification of the temperature undulation
should refer to the Seebeck EMF of the CZ-based CLN growth
system, ϕsbk = αLĲT2 – T0) + αSĲT0 – T1), where T0,1,2 are the
temperatures of the growth interface, the seed crystal and the
platinum crucible, respectively. Moreover, considering the
stable heating system and the geometric structure of the crys-
tal boule, when the growth interface undergoes a transient
weak fluctuation, the related variations of T1,2 can be ig-
nored. Thus, at 1 rpm, the GEMF fluctuation can be simpli-
fied as the Seebeck variation (Δϕsbk) and ΔTR represents the
corresponding temperature undulation in the crystal rotation
path (R-temp undulation),

Δϕsbk = ΔTR(αS − αL) (3)

then, ΔTR could be depicted as a function of the azimuthal
angle of crystal rotation in Fig. 2a and further generalized as
a pie graph in Fig. 2c (1 rpm). In the crystal rotation path,
the azimuthal temperature undulation (the angle of the
sighthole is 2nπ, where n is an integer) and evident inflection
points in each lap are observed. To clarify the calculated ther-
mal undulation, the simultaneous practical temperature vari-
ation of the eccentric rotation edge (ΔT′) is shown in
Fig. 2a and c, in which we can see the completely consistent
tendency between the GEMF-based data and the thermocou-
ple (ΔTR and ΔT′). Clearly, the coincidence determines the ob-
jective existence of the temperature undulation in both the
azimuthal direction and growth interface. Such an undula-
tion in the interface could be explained by the “eccentric ro-
tation movement” of the boule. As seen in the pie graph of 1
rpm in Fig. 2c, although the growth system is well aligned be-
fore crystal growth, the unavoidable mechanical unbalance
causes eccentricity, and the dissymmetric insulations further
increase the distortion of the temperature field. Since the ra-
dius of the eccentric rotation edge is larger than that of the
boule, the concentric area of the rotating interface should be
thermally stable, but the eccentric area will sweep the “fresh
melt” in each lap. This indicates that when the crystal rotates
close to one direction, the melt temperature of the specific

azimuthal angle will have a stronger influence on the Seebeck
potential of the eccentric area as well as the whole growth
interface. In this light, considering the intense air convection
and thermal radiation through the sighthole of thermal
insulations, the growth interface will experience a “cool re-
gion” when it rotates close to the sighthole; accordingly, the
“hot region” should be located at the opposite side. The
above analysis explains the measured data (ΔT′) and the
GEMF-based rotation temperature undulation (ΔTR) in the az-
imuthal direction, as shown in Fig. 2a and c. Moreover, a
sloshing motion of the three even-distributed spokes is ob-
served (labelled in Fig. 2a and c). The back and forth motions
of these spokes are driven by the locally uneven flow in the
large radial temperature and the surface tension gradient.44

3.2 Axial temperature undulation

When the rotation system increases to medium and high
rates, forced convection further complicates the growth inter-
face drastically. As shown in the insets of Fig. 2b, regular
waves are observed in the GEMF spectrum at 30 rpm. Then,
the corresponding FFT result characterizes two distinct peaks
for the convection and rotation GEMF (tC-30 and tR-30). The
measured rotation peak (tR-30 = 1.99 s) keeps with the actual
rotation period (2 s) and could refer to the analysis of low ro-
tation rate. However, the convection GEMF (tC-30 = 23.92 s) is
due to the competition between the Ekman and buoyant
flow, which is consistent with the measured convection stria-
tions (dC = 71.2 μm). In particular, in the CZ melt, the
coupled convection will form and break the balloon shaped
cold plume beneath the interface periodically (the “cold
plume” instability).10,45 The schematic is shown in Fig. 1a.
The forced convection is an outward hot flow stemming from
the crucible bottom and the meridian plane, but the natural
convection is inward and flows from the crucible edge to the
growth interface.13,44,46 This implies that the enhanced
forced convection could push the interference section (be-
tween forced and natural convection) away from the growth
interface, i.e., as the crystal rotates faster, the effect of the
Marangoni-buoyancy convection on the growth interface
weakens. When the rotation-induced driving force is domi-
nant, the inward natural flow will be suppressed by the out-
ward forced flow.47 More vividly, comparing the three pie
graphs in Fig. 2c, the R-temp undulations (ΔTR) decrease in-
versely with the rotation rates, while the rotation striations
become vague (compared with those shown in the insets of
Fig. 2a and b). At 14 rpm, the cool spokes become weak and
random (detailed discussion of 14 rpm will be presented in
following page); when the rotation increases to 30 rpm, the
trace of the spoke pattern disappears completely. At this
time, as predicted by Li et al.,43,44,47 more complex and
intense flow patterns appear in the melt surface, while the
GEMF spectrum indicates that the Marangoni-buoyancy con-
vection cannot disturb the growth interface anymore.

However, the high rotation rates would induce a periodic
convection, which undulates the growth interface drastically.
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As seen in Fig. 2d, compared with the large and regular un-
dulations at low rotation rates (1 and 5 rpm), the R-temp
waves of the medium and high rates (14 and 30 rpm) present
significant instability. This indicates that the azimuthal tem-
perature is also strongly affected by the convection fluctua-
tion. Furthermore, considering the high Prandtl number (Pr
= 13.6) of the CLN melt, there is a strong coupling between
the melt convection and the thermal field. This convection-
induced temperature and growth rate fluctuations (ΔTC, Δv)
can be revealed by the variation of the supercooling and crys-
tallization EMFs in eqn (2) and (1) together (Δv will be
discussed in the next section). Then, combining the convec-
tion GEMF data at 30 rpm and a pulling rate of 10 mm h−1,
the corresponding supercooling degree could be depicted as
a green wave curve shown in Fig. 2b. Clearly, compared with
the stable melt convection at low rotation rates, in the case
of high rotation rate, the supercooling curve presents a dras-
tic convection-induced temperature undulation (C-temp un-
dulation, ΔTC = 1.0 °C). This may explain the inducement of
the interface instability under forced convection. It should be
noted that ΔTC is the average response of the growth inter-
face to the convection fluctuation, but the oscillatory plume
should be unevenly distributed,10 and so should the thermal
field at the interface. The above discussion implies that on
the issue of the temperature undulation of growth interface,
there is a dilemma in choosing the rotation rate due to the
natural and forced convections.

More specifically, the natural convection is an intrinsic
flow and dominates the CZ melt at low rotation rates. How-
ever, at higher rates, the forced convection plays a necessary
role in guaranteeing the homogenization of the crystal boule,
which suppresses the component segregation and the
rotation-induced temperature undulation around the growth
interface. However, it triggers convection fluctuations and
leaves convection striations.9 As an inherent characteristic of
the CZ melt, the basic mechanism of diverse convention and
temperature fluctuations has been fully discussed by numeri-
cal simulation studies,48,49 but the specific convection pro-
cess and the corresponding thermal effects have barely been
presented in situ in practical growth systems.

3.3 Growth rate fluctuation

Combining the FFT analysis and the relationship among the
GEMF spectra, the crystallization process and supercooling
degree, the interface fluctuations of both temperature and
growth rate could be visualized in situ. A medium rotation
rate of 14 rpm (which is preferred in our crystal growth sys-
tem) with a pulling rate of 10 mm h−1 was chosen for detailed
study. As shown in Fig. 3a and b, we can point out two char-
acteristic frequencies of the convection and rotation waves in
the original GEMF and MSA spectra. The frequency ( fR-GE =
0.234 Hz) in accord with the actual rotation rate (0.233 Hz) is
defined as the rotation GEMF. And the other frequency,

Fig. 3 (a and b) In the original GEMF and MSA spectra at 14 rpm, evident rotation and convection periods (tR and tC) are labelled. (c) The in situ
visualization of growth rate, azimuthal and axial temperature (R-temp and C-temp) fluctuations. The blue enclosed (integral) area represents a
convection wave height of 2.91 μm. (d) The growth rate variation and R-temp undulation in one convection period. The integral areas of growth
rate variation in each rotation period are labelled in different shades of pink. (e) The fine morphology of crystal surface scanned by AFM, whose
cross-section drawn (f) presents a gradient distribution of rotation striations.
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defined as the convection GEMF, depicts the consequence of
convection fluctuations in the growth interface. As discussed
above, the rotation GEMF simply represents the R-temp un-
dulation in the crystal rotation path, while the convection
GEMF reflects both the variation of the supercooling degree
and growth rate fluctuations such as flood and ebb in the ax-
ial direction.33 Then, based on the MSA spectrum, if we ex-
tract the two characteristic frequencies from the original
GEMF spectrum, the performance of the growth rate, the azi-
muthal temperature (R-temp) and the axial temperature (C-
temp) undulations could be discussed. Specifically, the real-
time growth rate fluctuations could be obtained via eqn (1),
while the rotation- and convection-induced temperature vari-
ations refer to eqn (3) and (2). Thus, as shown in Fig. 3c, evi-
dence that reveals the different types of interface fluctuations
is visualized. We can point out the quasi-periodic tempera-
ture and growth rate fluctuations (ΔTR ∈ (1.0, 1.7) °C, ΔTC =
0.6 °C and Δv = 2.4 mm h−1). Moreover, the difference be-
tween the fluctuant growth rate and the constant pulling rate
represents the relative reciprocating motion between the
growth interface and the free melt surface. Hence, the inte-
gral result (enclosed area = 2.91 μm) of each growth rate wave
should be the “wave height” of the convection flow, which
act such as sea waves striking a reef and engraving striations
periodically.

3.4 Gradient striations distribution

Since a crystal pulls and rotates at constant rates, rotation
striations are considered uniformly distributed. This unifor-
mity is even used to mark the periodic laminar domain or to
locate specific manual operations over the growth duration.
However, as shown in Fig. 3c, based on the constant rotation
period and the convection-induced quasi-periodic growth rate
fluctuations, a special morphology of gradient-distributed ro-
tation striations could be predicted. Specifically, a single con-
vection period (tC) is enlarged, as shown in Fig. 3d, where the
wave shaped curve implies a varying growth rate in each rota-
tion period (tR). Therefore, the corresponding integral area
represents the displacement between two rotation striations,
which results in an odd regularity of gradient striation
spaces. Fig. 3e and f present the high-resolution three-dimen-
sional AFM image and cross-section drawn of the as-grown
crystal boule, whose gradient peak-to-peak morphology is eas-
ily pointed out. On comparing Fig. 3d and f, our GEMF-based
prediction could be confirmed by the scanned surface mor-
phology, which vividly presents the subtle effect of the melt
convection on the growth rate. More importantly, the consis-
tency between the prediction and the actual morphology
demonstrates the outstanding sensitivity and accuracy of the
GEMF method.

4. Conclusions

We performed experimental studies on the GEMF spectra
recorded under different rotation rates to present the effects
of multiflows in a practical CZ configuration. Benefiting from

GEMF, the quasi-periodic growth rate fluctuation, the axial
and azimuthal temperature undulations of the growth inter-
face are visualized in situ. Moreover, the observed destabiliza-
tion of the spoke pattern in the free melt surface and the pre-
dicted surface morphology prove the sensitivity and accuracy
of GEMF feedback. Notably, this in situ feedback could build
a closed-loop convection control system to serve the dynamic
suppression of interface fluctuation (as feedback for the
ACRT, AVC and magnetic field methods, for instance), and
the real-time presentation of temperature undulations offers
visual guidance to optimize the symmetry of the crystal
growth system. Clearly, these advantages pave a significant
new approach to reveal practical melt convection instabilities
and provide a strong guarantee for the development of
striation-free and high-quality bulk crystals.
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