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The Doppler effect is a fundamental frequency shift phenomenon that occurs 

whenever a wave source and an observer are moving with respect to each other. It has 

well-established applications in astrophotonics, biological diagnostics, weather and 

aircraft radar systems, velocimeter and vibrometery. The counterintuitive inverse 

Doppler effect was theoretically predicated in 1968 by Veselago 
1
 in the so-called 

negative-index material (NIM) 
2
. However, because of the tremendous challenges of 
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frequency shift measurements inside the NIM, most investigations of the inverse 

Doppler effect have been limited to theoretical predications and numerical simulations 

3-7
 . Indirect experimental measurements have been conducted only in nonlinear 

transmission lines at 1~2 GHz 
8
 and in acoustic media at 1-3 KHz 

9
. Here, we report on 

the first experimental observation of the inverse Doppler shift at the optical frequency 

(λ=10.6 µm) by refracting a laser beam in a photonic crystal (PC) prism, which has the 

NIM property.  

Our common experience with the Doppler shift (∆fD), coming from a passing vehicle for 

example, is when the source approaches the observer, the detected frequency ( f  ) is higher 

than the source frequency ( 0f ) (Fig. 1a). Vice versus, signal with lower frequency is detected 

when the wave source is moving away. This occurs because the wave propagates in the 

naturally existing positive refractive index media, where the group velocity 
gv  and the wave 

vector k  are parallel, i.e. 0gv k  . A fascinating inverse Doppler effect has been predicated 

in tailored artificial materials 
2
, for example a photonic bandgap material which possesses the 

NIM property ( 0gv k  ). In such NIM materials the electric field E , the magnetic field 

H and the wave vector k  are composed of a set of left-handed coordinates instead of the 

conventional right-handed coordinates. The phase velocity of light wave propagates in the 

opposite direction of the energy flow leading to the subversion of fundamental physical rules 

and intriguing phenomena 
2
, including the backward wave propagation, reversed Cerenkov 

radiation and the inverse Doppler effect, as depicted in Fig. 1b, in which a red-shifted signal 

is detected for a wave source approaching the detector.  

Experimental observation of such an inverse Doppler effect in the optical region is of 
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great challenge because the frequency is too high to be measured directly. The Doppler shift 

is usually detected using heterodyne interferometry. However, with the normal heterodyne 

interferometry, even if the inverse Doppler effect has occurred, it cannot be identified by 

recording the Doppler shifts simply because the recorded Doppler shifts 0' fffD   are 

absolute values, which are identical for waves propagating in a positive medium or in a 

negative medium. Therefore, it is critical to find a way to distinguish the normal and 

anomalous Doppler effects explicitly. 

For this purpose, we design a highly sensitive two-channel heterodyne interferometric 

experimental setup as shown in Fig. 2 to measure the anomalous Doppler effect in a 

two-dimensional (2D) PC prism showing the NIM property at 10.6 µm. The proposed PC 

prism consists of a triangular array of Si rods in air (Fig. 3a). The incident light is along the 

ΓM direction, as shown in the inset of Fig. 3a. The PC has a rhombus geometry with a side of 

5 mm and a vertex angle of 60º. The radii of the Si rods are ar 2.0 , where a=5 µm is the 

lattice constant and the height of the Si rods is d=50 µm.  

The band diagram calculated with a plane wave method 
10

 for an ideal 2D PC 

(symmetric dielectric pillars with an infinite height) of the same geometry reveals that 

complete bandgaps exist between the 1
st
 and 2

nd
 band and the 3

rd
 and 4

th
 band for the TM 

polarized (with the E field parallel to the Si rods) incident beam, as shown in Fig. 3b. The 

equifrequency surface (EFS) contours in the k  space of the PC at several relevant 

frequencies in the 2
nd

 band are shown in Fig. 3c, where the EFS contour shrinks when the 

frequency increases clearly indicating that the region in the 2
nd

 band, extending from f=0.436 

( 11.47 m  ) to f=0.542 ( 9.23 m  ), having 0gv k  , is of particular interest 
11,12

 . The 
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fact that the EFS in the first Brillouin zone is almost spherical suggests that the PC is a 

strongly modulate PC 
11

 thus the light propagation angle can be simply derived from the 

Snell’s law (see Supporting Information). The effective phase index np 
13

 for the 2
nd

 band 

along the   direction is presented in Fig. 3d. At the investigated frequency 0.4717f   

( 10.6 m  ) np is approximately –0.7. 

Transmission measurements are performed to verify the negative refraction of the PC 

prism. As shown in Fig. 2, a TM polarized beam from a CO2 laser at the desired wavelength 

( 10.6 m  ) is incident along the ΓM direction to the PC interface. To ensure most of the 

energy of the beam (~3-4 mm) propagates through the PC prism (50 µm in height), we use a 

ZnSe lens with a focal distance of 50 mm and a convergence angle of 4º to focus the incident 

beam into the sample. Both the PC prism and the detector are placed on computer controlled 

rotation and translation stages to allow individual positioning and angle adjustment. The 

detector is rotated around the rotation center O to record the intensity of the refracted beam at 

all rotation angles θ, as shown in Fig. 4a inset, so that the desired negative refractive angle 

can be found. 

The experimental result is presented in Fig. 4a. At a refraction angle of approximately 

θ=-26º (incident angle is 60º) high intensity signal could be measured clearly indicating that 

the PC prism is operating in the negative refraction region, with a measured np=-0.5062. The 

result is reproducible for different samples of the same geometry with a  4º error range of 

the refraction angle. The measured np is slightly smaller than the theoretical estimation (–0.7) 

mainly due to the finite height of the 2D PC in the experiment, which is different from the 

infinite height of rods assumed in the calculation 
14-16

 (see Supporting Information).  
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To measure the Doppler effect the same setup in Fig. 2 is employed. The PC prism is 

fixed at the measured negative refraction angle and the translation stage is moving uniformly 

along the x-axis to generate a relative velocity with respect to the detector setting to be 

perpendicular to the beam propagating direction. During the experiment, the CO2 laser and 

the detector are both static. In order to distinguish the normal and anomalous Doppler effect a 

reference beam is employed in the system. The beam splitter 2, which is placed on the same 

translation stage as that of the PC prism, as depicted in the inset of Fig. 3, is used to parallel 

combine the reference beam and the signal beam refracted by the PC prism.  

Considering the velocity of the translation stage is along the +x-axis (see Supporting 

Information for -x-axis displacement), the schematic diagram of light propagating in the PC 

prism is shown in Fig. 2. Since the propagating direction of the CO2 laser beam is 

perpendicular to the incident interface of the prism, the interface velocity in the direction of 

light propagation is zero. Therefore, no Doppler shift occurs at this incident interface. For the 

exit interface of the prism, the velocity in the direction of light propagation can be written as 

v1=v·cot )6/( , where v is the velocity of the translation stage. Therefore, the Doppler 

frequency shift at the second interface can be calculated simply: 

)
)6/cot(

1()1( 0
1

01 pp n
c

v
fn

c

v
ff


  ,         ( 1 ) 

where 0f  is the original frequency of the CO2 laser, and c is the light velocity in vacuum. 

When np is negative, f1 is larger than f0, and thus the inverse Doppler effect occurs. 

By taking the relative movement between the PC prism and the detector into 

consideration, the exit interface of the prism, which can be considered as an effective source 

of the outgoing light, moves towards the detector. Since the transmitting medium is air with a 
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positive index of unity, the second Doppler effect is normal. Therefore, the recorded Doppler 

frequency shift at the detector surface can be calculated as 

2 1 1 1

2

( ) ( )
cot( / 6) cos( 3 )

c c
f f f f k

c v c v   
  

   
  ,       ( 2 ) 

 

where a new parameter k is defined as
cot( / 6) cos( 3 )

c
k

c v   


  
 which is always positive 

and close to 1 in the non-relativistic regime, i.e. cv  .  

For the reference beam, since the beam splitter 2 is mounted on the same translation 

stage as the PC prism, it posses the same displacement along the x-axis. The velocity of the 

beam splitter 2 in the beam incident direction can be written as vv
)2/2/sin(

)2/3/2sin(
'1








 , 

where   is the angle between the incident beam and the reflected beam, as shown in Fig. 2 

inset. Therefore, the first Doppler frequency shift at the beam splitter surface can be 

calculated as  

1

1 0 (1 )
v

f f
c


    .               ( 3 ) 

For the relative movement between the beam splitter 2 and the detector, the beam 

splitter 2 can also be considered as an effective source of the reflected light and its velocity in 

the light reflection direction can be written as 2 1 cosv v   . Therefore, the reference Doppler 

frequency shift at the detector surface can be calculated as: 

1

2 1 0

1 1

( ) (1 )( )
cos ) cos

vc c
f f f

c v c c v 


   

  
 .          ( 4 ) 

The frequency difference between the signal frequency 2f  from the PC prism and the 

reference frequency 2f   from the beam splitter 2 can be obtained from Eq. 2 and Eq. 4:    

      kffkfffff 010222   .             ( 5 ) 
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In Eq. 5, the first part kff 02   is independent of the effective phase index np and can 

be calculated easily according to the experimental conditions. Under the experimental 

condition  =-26º and  =45º, the calculated values of kff 02   at four experimental 

velocities 0.0123 1 smm , 0.0245 1 smm , 0.0488 1 smm  and 0.0732 1 smm  are all 

positive, and equal to 1.90 Hz, 3.77 Hz, 7.51 Hz and 11.27 Hz, respectively, as shown in Fig. 

4b (also see Supporting Information). Hence, if the measured beat frequency kfff 02  , 

note that 0k , the Doppler shift 01 fffD   can and can only be positive, i.e. 01 ff  , 

which indicates that the Doppler frequency is blue-shifted and larger than the original 

frequency of the CO2 laser when the optical path becomes larger in the NIM. Thus the 

anomalous Doppler effect occurring in the NIM PC prism can be explicitly demonstrated.  

In Fig. 4b inset, the recorded signals from the detector at the above-mentioned four 

velocities are presented. The frequency differences f  can be obtained by the fast Fourier 

transform (FFT) from the recorded signals, and are equal to 0.89 Hz, 1.83 Hz, 3.65 Hz and 

5.14 Hz, respectively, which match well with the theoretically calculated values with a 

relative error of <5% if a measured negative index np is -0.5062 is considered (see Supporting 

Information). It can be clearly seen that all the measured frequency differences f  are less 

than kff 02   at the corresponding velocities. This result clearly indicates that the observed 

Doppler effect is anomalous and thus the inverse Doppler effect has been explicitly observed 

at the optical frequencies for the first time. The experimental results are reproducible for 

different PC prisms with the same crystal structure.  

To further verify the results and the reliability of our experimental setup, we conduct 

comparison experiments with a positive-index ZnSe prism (np=2.403) using the similar 
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method mentioned above. As expected the measured frequency differences f  for four 

velocities are all less than 2 0f f k   as shown in Fig. 4c (note that here 2 0 0f f k   ), which 

clearly demonstrates that the Doppler effect measured in the ZnSe prism is normal (see 

Supporting Information). In addition, the relative errors between the theoretical expectation 

and the experimental measurement are less than 3% (see Supporting Information), which 

indicates that the transmission method is as suitable as the reflection method for Doppler shift 

measurement. Thus the experimental results have demonstrated that our setup can explicitly 

distinguish the normal and anomalous Doppler effects reliably.  
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Figure captions: 

Fig. 1 A schematic diagram showing Doppler effect. a, Normal Doppler effect in normal 

materials (n>0). b, Inverse Doppler effect in negative index materials (n<0). 

Fig. 2 Experimental set up for detection of the inverse Doppler effect. BS: beam splitter; 

ND: neutral density filter. The purple box highlights how the reference beam and the signal 

beam combine at the beam splitter.  

Fig. 3 Negative refractive index photonic crystal. a, Scanning electron microscopic image 

of the 2D photonic crystals top view; Right inset: side view; left inset: geometry of the entire 

photonic crystal. b, Calculated band diagram of the photonic crystal. c, The equifrequency 

surface contours of the PC at several relevant frequencies in the second band; d, The effective 

phase index n versus the frequency f for the second band along the  direction.   

Fig. 4 Observation of inverse Doppler effect in negative refractive index photonic crystal. 

a, Measured transmission power as a function of the refraction angle θ for a normally 

incident beam with respect to the first interface of the PC (the incident angle at the exit 

interface is 60°). Inset: Schematic diagram of the experimental setup. b, Measured frequency 

shifts ∆f in the NIM PC prism compared with the value of kff 02  . Inset: Recorded signals 

with the PC prism at v=0.0123 1 smm  (∆f=0.89 Hz), v=0.0245 1 smm  (∆f=1.83 Hz), 

v=0.0488 1 smm  (∆f=3.65 Hz) and v=0.0732 1 smm  (∆f=5.14 Hz), respectively. c, 

Measured frequency shifts ∆f in the positive index ZnSe prism compared with the value of 

kff 02  .  
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 


