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There are two different proposals for the momentum of light in a transparent dielectric of refractive

index n: Minkowski’s version nE=c and Abraham’s version E=ðncÞ, where E and c are the energy and

vacuum speed of light, respectively. Despite many tests and debates over nearly a century, momentum of

light in a transparent dielectric remains controversial. In this Letter, we report a direct observation of the

inward push force on the free end face of a nanometer silica filament exerted by the outgoing light. Our

results suggest that Abraham’s momentum is correct.
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The momentum of light in dielectrics is one of Rudolf
Peierls’s classic surprises in theoretical physics [1,2]. In a
transparent dielectric of refractive index n, Minkowski
suggested nE=c for the momentum of light [3], whereas
Abraham suggested E=ðncÞ for the same physical quantity
[4], where E and c are the energy and vacuum speed of
light, respectively. There are many theories to clarify these
two momenta [5–22], but the number of experimental tests
is small [23–26]. One of the experimental tests by observ-
ing the radiation pressure at the water-air interface [23] is
now reckoned to support Abraham momentum [2]. On the
other hand, the measurement of systematic shift in the
photon recoil frequency due to the index of refraction of
the Bose-Einstein condensate suggested that Minkowski
momentum is correct [24]. Furthermore, the experiment of
the light pressure on a mirror suspended in water appeared
to support Minkowski momentum [25], but the careful
calculation of a total transferred momentum of light
beam in the form of a short single-photon pulse fit
Abraham’s value [11]. A similar case was the experiment
of photon drag effect in semiconductors [13,16,26].
Despite the tests and debates over nearly a century, the
controversy of momentum of light in dielectrics remains
[2]. The main difficulty is experimental identification of
light momentum in a transparent dielectric [1,2]. The
complexity of momentum transfer of light in the dielectric
obstructs the direct observation of light momentum, mak-
ing experimental interpretations ambiguous. The way to
observe light momentum in a lossless transparent dielectric
by exploring the light pressure on the surfaces of a parallel-
sided block of dielectric in air or in vacuum was shown to
be unpromising [9]. The beautiful idea proposed by Ashkin
and Dziedzic on the experiment of radiation pressure at the
single water-air interface [23] also encountered difficulty.
Here we briefly review their idea and experiment. Accord-
ing to Abrahammomentum, when light normally enters (or
leaves) a lossless nonmagnetic transparent dielectric
through its free surface, the decrease (or increase) of light
momentum due to transmission and specular reflection at

the surface is 2E=cðn� 1Þ=ðnþ 1Þ [or 2E=ðncÞ�
ðn� 1Þ=ðnþ 1Þ] if n > 1, where E is the energy of light
incident onto the surface. By conservation of momentum,
the surface of the dielectric will gain (or lose) a momentum
2E=cðn� 1Þ=ðnþ 1Þ [or 2E=ðncÞðn� 1Þ=ðnþ 1Þ] from
(or to) the light and experience an inward radiation pres-
sure for both cases of the light entering and leaving (the
effect is also predicted by Loudon’s theory based on the
Lorentz force [11]). In contrast, Minkowski momentum
predicts that, when light normally enters (or leaves) the
dielectric, the free surface will have a momentum change
of 2E=cðn� 1Þ=ðnþ 1Þ [or 2nE=ðcÞðn� 1Þ=ðnþ 1Þ]
pointing to outside and experience an outward radiation
pressure. Ashkin and Dziedzic’s idea was simple: Abraham
(Minkowski) momentum would result in an inward (out-
ward) movement of the free surface of a liquid. In their
experiment, Ashkin and Dziedzic observed an outward
bulge on the water-air interface when a light enters (or
leaves) the water, which appeared to support Minkowski
momentum. However, the bulge of water surface was
found to be due to the lateral dipole forces caused by the
intensity gradient of a Gaussian beam, which conceals the
effect of light momentum [6,13]. We have found a way to
overcome this difficulty by replacing the water surface by a
nanometer silica filament (SF) and letting light travel in the
SF and then emerge into air or vacuum from the free end of
the SF. It was based on such an idea: As a SF is a solid and
so lithe, its free end will be pushed to move backward if
Abraham momentum applies or be pulled forward if
Minkowski momentum applies, when light emerges from
the free end. In this Letter, we report direct observation of a
push force on the end face of the SF exerted by the out-
going light. Our experimental results suggest that Abraham
momentum is correct.
The silica filaments used in our experiments are fabri-

cated with single-mode fibers (SMF-28, from Corning
Company), by a technique reported in [27]. Figure 1 elu-
cidates the stationary micrograph of the tip of the first SF
for observing optical force. It is taken by a microscope
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(Hisomet II DH2 series, from Union Optical Co., Ltd.),
showing that the diameter of the tip is about 450 nm. The
inset in Fig. 1 is the enlarged profile of a weak 650 nm light
beam outgoing from the end face of SF. It is taken by the
same microscope, showing that the end face is almost a
round one and there has no observable forward asymmetric
scattering.

The light source is a 650 nm unpolarized semiconductor
laser with a fiber connector, which can operate at either
pulse or cw mode with 10 mW peak or cw power. At pulse
mode, the full pulse duration is about 4=15 s, and each
dark interval is about 1=5 s. The laser pulses are coupled
into a 2 m long fiber with a SF drawn from the free end of
the fiber. The SF is mounted in a hermetic flat-circinal-
shape glass chamber with a diameter of 10.5 cm to avoid
the influence of the flowing air. The space from the top (or
bottom) of the glass chamber to the SF is about 1 cm. We
erect the glass chamber and let the SF come down naturally
like that shown in Fig. 2(a). The movement of the SF is
taken by a digital camera (Canon G5), which is set at
movie mode with a rate of 15 frames=s. A quartz plane-
convex lens is inserted between the glass chamber and the
camera for taking the suitably large, clear image of the
moving SF. The coupled-in power is measured by cutting
the fiber and taking off its coating after experiment. Fig-
ures 2(a)–2(h) display video frames of the moving SF of
1.5 mm as the result of the optical force, where (a), (b), (c),

and (d) are the images of SF at 0, 1=15, 2=15, and 3=15 s,
respectively, after a laser pulse arrives, and (e), (f), (g), and
(h) correspond to the next laser pulse. The coupled-in peak
power is 6.4 mW, and room temperature is 27 �C. Fig-
ures 2(a)–2(h) show clearly that, when a laser pulse arrives,
the SF end moves to left-upwards and the part of the SF
pointed out by a white arrow moves to the right; when the
laser pulse disappears, the SF comes back to its original
state in no more than 1=5 s; when the next laser pulse
arrives, the SF moves again [see Figs. 2(e)–2(h)]. (More
details can be viewed in the video [28].)
The purpose of measuring the transmission of the SF PT ,

the transmission plus scattering of the SF PT&S, and the
transmission of cut bare single-mode fiber PFib is to elimi-
nate the possible influence of scattering of light on the
phenomenon observed. The detector used is a universal
optical power meter (13 PDC 001, fromMELLES GRIOT)
with a 5MM integrating sphere. Figure 3(a) shows the
experimental results obtained with 650 nm cw laser and
at 27 �C, from which we calculate that PT ¼ 6:1547�
0:0007 mW, PT&S ¼ 6:1981� 0:0003 mW, and PFib ¼
6:1973� 0:0001 mW, which suggest that the thermal
loss of the SF is small and the loss of the SF is mainly

FIG. 2 (color). The video frames of the moving SF as the result
of the optical force for the SF in air, where (a), (b), (c), and (d)
are the images of SF at 0, 1=15, 2=15, and 3=15 s, respectively,
after a laser pulse arrives, and (e), (f), (g), and (h) correspond to
the next laser pulse. Figures (i) and (j) show the effect of
asymmetric refraction related, respectively, to Abraham momen-
tum K0=n and Minkowski momentum nK0, where K0 is the
vacuum momentum of light and �K (��K) is the momentum
change of light (SF end). Pink solid and dashed lines in (i) and
(j) indicate two different states of the SF.

FIG. 1 (color online). The stationary micrograph of the tip of
the SF, showing that the diameter of the SF tip is about 450 nm.
The inset is the enlarged profile of a weak red light beam
outgoing from the SF end face.
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due to the elastic scattering of light (the light intensity is
only 3:9� 106 W=cm2), being about 0.7%. Therefore, for
a 6.4 mW coupled-in power, the scattering is only
0.045 mW, too weak to result in an observable movement
of the SF like those shown in Fig. 2.

A further experiment is done to eliminate possible in-
fluence of the thermal effect on the phenomenon observed.
This experiment is carried out by using a colophony fila-
ment with 3 �m diameter, adhered on the SF tip. Fig-
ures 3(b) and 3(c) show the result obtained at a room
temperature of 27 �C, where (b) and (c) correspond, re-
spectively, to 1 and 60 minutes after turning on the laser.
The coupled-in power of 650 nm is 6.5 mW at cw mode.
The overlap of the colophony filament and SF is between
two bright spots. No dropping of the colophony filament
after 60 minutes shows clearly that the temperature of the
SF was below 300 �C, the decomposition temperature of
colophony. We know from Fig. 2 that the SF reacts in less
than 2=15 swhen a laser pulse arrives, and during this time
interval the temperature change of the SF should be far less
than 273 �C. So the thermal expansion of a 1.5 mm SF
calculated should be far less than 0:2 �m for a small
thermal expansion coefficient of the SF, 5� 10�7 �C�1

[29]. Such a thermal expansion cannot result in an observ-
able movement of the SF like those shown in Fig. 2.

The phenomenon described above is also observed with
other SFs. In another experiment we use a SF in a vacuum
of 2� 10�5 Torr at 20 �C and with an electrostatic shield
to show that the phenomenon is independent of air and

static electricity. Instead of a 650 nm laser, here a power-
tunable unpolarized cw 980 nm semiconductor laser is
used to drive the SF highlighted by a 0.1 mW cw 650 nm
light. Figures 4(a)–4(e) display video frames of the moving
SF as the result of the optical force, where Fig. 4(a)
corresponds to no 980 nm light coupled in. Figure 4(f) is
the micrograph of the SF tip, showing that the diameter of
it is about 520 nm. We observe that, when the coupled-in
power of 980 nm light is tuned to 17.8 mW, the SF end
moves to the right with a displacement of about 30 �m as
shown in Fig. 4(b); when the power is increased further to
19.5 mW, it swings thrice [(b) to left (c), then to right (d),
then to left (e)] in a time of 1.9 s.
From the experiments described above, we believe that

the phenomenon observed is due to the force exerted by the
outgoing light. The nature of SF movement cannot be
explained by Minkowski momentum. Minkowski momen-
tum predicts a pull force, which pulls the whole SF to one
side for asymmetric refraction [see Fig. 2(j)] or pulls it
straight for direct transmission. This is not the case ob-
served. However, the movements shown in Figs. 4(a)–4(e)
can be explained by direct transmission of light related
to Abraham momentum. It predicts a push force perpen-
dicular to the end face of the SF in this case. The force
component perpendicular to the axes of the top part of
the SF drives the SF to move to the left (right) when
the SF is bent slightly to the right (left) as seen. Let
us focus on Figs. 4(a) and 4(b) for further analysis.

FIG. 4 (color). The video frames of the moving SF as the result
of the optical force for the SF in a vacuum of 2� 10�5 Torr at
20 �C with an electrostatic shield. The SF is driven by a power-
tunable, unpolarized cw 980 nm light and highlighted by a
0.1 mW cw 650 nm light. (a) No 980 nm light is coupled in;
(b) the coupled-in power of 980 nm is 17.8 mW; (c)–(e) the
power is increased further to 19.5 mW in a time of 1.9 s; (f) the
micrograph of the SF tip. Figures (A) and (B) are the results of
the numerical simulations, with (A) corresponding to the initial
state (a) and (B) corresponding to (b). The white vertical lines
are for displacement reference.

FIG. 3 (color online). (a) The measurements for the trans-
mission of SF PT , the transmission plus scattering of SF PT&S,
and the transmission of a cut bare single-mode fiber PFib. (b),
(c) The experiment of thermal effect of the SF: A colophony
filament with 3 �m diameter is adhered on the SF tip. The
overlap of the colophony filament and SF is between two bright
spots. The coupled-in power of cw 650 nm light is 6.5 mW. The
time intervals for (b) and (c) are, respectively, 1 and 60 minutes
after turning on the laser. The room temperature is 27 �C.
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Figures 4(A) and 4(B) show the numerical results of static
analysis simulated by the finite element method (using
ANSYS 6.0), where (A) corresponds to the initial state

Fig. 4(a) of the SF under gravity and (B) corresponds to
the state Fig. 4(b) of the SF under optical force and gravity.
The SF parameters for simulation are, respectively, length
L ¼ 5 mm, diameter d ¼ 520 nm, density � ¼ 2:2 g=cm3

[30], Young’s elastic modulus Y ¼ 70 GPa [31], and re-
fractive index n ¼ 1:451 from the Sellmeier formula [32].
In addition, the optical push force is given by fA ¼
2P=ðncÞðn� 1Þ=ðnþ 1Þ according to the momentum
change of the light at the surface of the dielectric as
discussed earlier, where P is the power of light traveling
to the SF end, which is set at zero for Fig. 4(A) and
17.9 mW for Fig. 4(B). The calculated displacement of
SF end for Fig. 4(B) is 29 �m. We see that the numeri-
cal simulation is consistent with the experiment. On the
other hand, Figs. 2(a)–2(h) can also be understood by
asymmetric refraction of light related to Abraham momen-
tum [see Fig. 2(i)]. According to the cantilever beam
theory in strength of materials, the SF end makes a hori-
zontal displacement of�x ¼ fxð64L3Þ=ð3�Yd4Þwhen it is
pushed by the component of optical force fx ¼ fA sin�,
where � is the angle between the optical force fA and the
axes of the top part of the SF. For the SF shown in Fig. 2,
d ¼ 450 nm, L ¼ 1:5 mm, Y ¼ 70 GPa, n ¼ 1:457, P ¼
6:4 mW, and the observed displacement �x � 9 �m
[Fig. 2(a), 2(b), 2(e), and 2(f)], the value of � fitted is
about 12.13�, which suggests the end face of the SF is
inclined with an angle of about 8�. The reason for choosing
Figs. 2(a), 2(b), 2(e), and 2(f) for the calculation is that� is
almost a constant and the kinetic energy of the SF at the
state Figs. 2(b) and 2(f) is small and is ignored. The
quantitative analysis of Figs. 2(c), 2(d), 2(g), and 2(h) is
more complex, needing to be investigated further.

In conclusion, our experiment and analysis suggest that
Abraham momentum is correct. Furthermore, our experi-
ment also suggests a potentially important application of
the momentum of light. As discussed above, when light is
incident on the surface of a transparent dielectric from
vacuum, it exerts an inward pressure on the surface of
the dielectric. This pressure is different from the com-
monly recognized one due to the specular reflection.
Therefore, when a series of incoherent laser beams with
almost constant diameters is simultaneously incident on
the surface of a transparent dielectric ball in vacuum along
the radial direction, the dielectric ball will shrink due to the
effect of Abraham momentum. This effect may be useful
for the precise design of the laser-induced inertially con-
fined fusion.
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