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security imaging,[6,8,9] etc. In all aspects,
it is critical to have a wide band, fully
Spintronic terahertz (THz) emitter provides the advantages such as apparently
controllable THz source with high
broader spectrum, significantly lower cost, and more flexibility compared with
power. Despite its high importance, the
the commercial THz emitters, and thus attracts great interest recently. In past
progresses of high-performance THz
few years, efforts have been made in optimizing the material composition and
devices, especially the emitters,[10,11] are
structure geometry, and the conversion efficiency has been improved close to
still lacking behind. This is in sharp contrast to the well-developed technologies in
that of ZnTe crystal. One of the drawbacks of the current designs is the rather
its neighboring infrared and microwave
limited laser absorption—more than 50% energy is wasted and the converbands, leaving a gap so-called “terahertz
sion efficiency is thus limited. Here, a novel device that fully utilizes the laser
gap.” To date, the development of the
intensity and significantly improves the conversion efficiency is theoretically
THz emitters with high power and high
proposed and experimentally demonstrated. The device, which consists of a
efficiency is still one of the foci in the field
metal–dielectric photonic crystal structure, utilizes the interference between
of THz research.[12,13]
The femtosecond laser driven THz
the multiple scattering waves to simultaneously suppress the reflection and
emitter is an important type of THz emittransmission of the laser, and to reshape the laser field distributions. The
ters that is commonly used.[2,6,11] Previexperimentally detected laser absorption and THz generation show one-to-one
ously, its generation was mainly based
correspondence with the theoretical calculations. The strongest THz pulse emison the nonspin mechanisms, such as the
sion that presents a 1.7 times improvement compared to the currently designed
transient electrical currents in photoconductive antennas,[14–18] the optical rectifispintronic emitter is achieved. This work opens a new pathway to improve the
cation from electro-optical crystals,[19–24]
performance of spintronic THz emitter from the perspective of optics.
the plasma oscillations,[25,26] etc. In 2013,
Kampfrath et al. demonstrated a new type
THz emitter, called spintronic THz emitter,
which is based on the spin related effects in ferromagnetic/
Terahertz (THz) radiation plays increasingly important roles in
nonmagnetic (FM/NM) heterostructures.[27] Compared to the
both scientific research and practical applications, such as material science,[1–3] biomedicine,[4–6] wireless communication,[7]
conventional nonspin-based THz emitters, the spintronic THz
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emitter possesses the additional advantage of the spin freedom
of the electron besides that of the charge freedom, opening
a new pathway for broadband (up to 30 THz) and controllable
THz wave generation.[27] The reported conversion efficiency of
the spintronic THz emitter, however, was about two orders of
magnitude lower than that of commercial ZnTe crystal. Since
then, efforts have been made to improve the performance.[28–30]
In 2016, Seifert et al. significantly enhanced the conversion efficiency by choosing NM layer with large spin Hall angle (such as
Pt, W), optimizing the layers’ thickness as well as introducing
NM1/FM/NM2 trilayer to fully utilize both the backward- and
forward-flowing spin currents. They found that a 5.8 nm thick
W/CoFeB/Pt trilayer achieved the conversion efficiency close to
that of the commercial 1 mm thick ZnTe crystal and outperform
it in terms of the bandwidth, flexibility, scalability, and cost.[28]
Yang et al. proposed the cascaded multilayer which can generate
transient current in each Fe/Pt bilayer structure, leading to considerable power increase.[29] Wu et al. made a comprehensive
study on FM/NM bilayer structures, and showed the capability
of fabrication on flexible substrates.[30] These optimizations cover
from the perspective of both spintronics and THz pulse generation,[28–30] and furthermore, THz beam focusing has been utilized to obtain higher intensity,[31,32] yet the conversion efficiency
remains unchanged. On the other hand, the spintronic emitter
also involves the laser pumping and absorption processes, which
has not been explored yet. In particular, in previous designs,[28–32]
the ultrathin metal films only absorb rather limited laser intensity and more than half of the intensity is wasted. To reach
higher conversion efficiency, this drawback must be overcome.
Here, we demonstrate a novel scheme to improve the performance of the spintronic THz emitter in turns of power intensity.
It utilizes the metal (NM1/FM/NM2)–dielectric photonic crystal

(PhC) structure, where the multiple scatterings suppress the
reflection and transmission of the laser light simultaneously,
thus maximizing the laser field strength in the metal layers.
Since the dielectric interlayer is almost nondissipative, most of
the laser energy absorption occurs in the NM1/FM/NM2 heterostructure, which improves the conversion efficiency of the spintronic emitter. The idea is first presented theoretically with the
transfer-matrix method-based model. We further experimentally fabricate a series of PhC samples with different periods
and repeats. The measured laser absorbance and the THz
amplitude show one-to-one correspondences with the theoretical calculations. At the optimal conditions, the experimentally
obtained conversion efficiency of the PhC structures is about
1.7 times as high as that of the single-repeat spintronic THz
emitter, demonstrating the validity of the proposed method.
Our work opens a new pathway to improve the performance of
the optically pumped spintronic emitter from the perspective of
optics.
Spintronic THz emitter relies on two fundamental spintronic
effects: the ultrafast laser pulse induced spin polarized current
generation and the conversion of the spin current to charge current, namely the inverse spin Hall effect.[33,34] Figure 1a shows
the schematic processes of a typical spintronic THz emitter
with a trilayer heterostructure consisting of NM1/FM/NM2 thin
films: (i) a femtosecond laser pulse impinges on the heterostructure and pumps ultrafast spin currents (Js,1 and Js,2) from
the FM layer into the adjacent NM1 and NM2 layers; (ii) due to
the inverse spin Hall effect, the ultrafast spin currents are converted into transient charge currents (Jc,1 and Jc,2) along the
y direction, leading to the THz emission out of the structure.
In order to maximize the THz emission, Jc,1 and Jc,2 should be
parallel to form unidirectional charge current, which requires

Figure 1. a) Schematic of single-repeat spintronic THz emitter. b) Schematic of the metal–dielectric PhC type spintronic THz emitter. c) The SiO2
thickness dependent femtosecond laser absorbance for n = 1, 2, 3. Symbols are experimental results and solid lines are theoretical calculations. d) The
calculated laser field distribution (red) and absorbance in metal layers (blue) of the single-repeat and metal–dielectric PhC type emitter.
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the two NM layers to have spin Hall angles with opposite sign.
Pt and W have been proved to be a good choice.[28]
In previous works,[28–30] great efforts have been made to maximize the emission efficiency via optimizing the thickness of
FM and NM layers. The total thickness of either FM/NM bilayer
structure or NM1/FM/NM2 trilayer structure is suggested to be
less than 6 nm.[28–30] This thickness is smaller than the skin
depth of the metallic heterostructure and significantly smaller
than the laser wavelength (800 nm). As a result, more than half
of the incident laser energy is either reflected by or transmitted
through the sample, which strongly limits the conversion efficiency. We present a toy model here to offer the evidence. For
simplicity, but without losing the generality, we assume that
(i) the thickness is negligible compared to the wavelength,
and (ii) the dielectric constant of the environment is uniform.
According to the boundary conditions and the Maxwell’s equations, the reflection and transmission coefficients should satisfy
the relation of 1 + r = t. Consequently, one can deduce that the
absorbance, A = 1 − |r|2 − |t|2, to be ≤50% (see details in Note 1,
Supporting Information). Note that this is an intrinsic limitation to the absorbance of ultrathin metal films. To overcome
this limit, we propose to use the metal–dielectric PhC structure, where the multiple scatterings and interferences could
efficiently suppress the reflection and transmission simultaneously, thus the laser absorption in the metal films is significantly increased.
The schematic of the proposed structure is shown in
Figure 1b. It is composed of periodic metal–dielectric films,
[dielectric interlayer/NM1/FM/NM2]n, on MgO substrate, where
n denotes the number of repeats. In this work, we choose
Pt(1.8 nm)/Fe(1.8 nm)/W(1.8 nm) as the THz emitter, which
exhibits the largest THz emission efficiency in our experiments,
and SiO2 for the dielectric interlayer. Note that we followed the
method established in ref. [28] for optimizing the trilayer THz
emitter by varying their individual thicknesses, and the optimized parameters are in good agreement with those in ref. [28]
Here we focus on the enhancement based on PhC structure,
where the multiple scatterings and interferences can be tailored
by adjusting the thickness of the period (d) and the number of
repeats (n). Transfer-matrix method is employed for the theoretical calculations and the structure design, which has been
proved to be an efficient tool.[28,35]
Since the thickness of each metal film is smaller than its skin
depth, the permittivity is most likely different with their bulk
values. Thus, we treat the Pt(1.8 nm)/Fe(1.8 nm)/W(1.8 nm)
structure as a “single layer” and retrieve its effective permittivity
from the measured reflection and transmission coefficients.
The model fitting showed that the effective permittivity to be
εm = −29.36 + 24.01i (see Note 3, Supporting Information). In
the calculation, we also used the bulk value of the permittivity
for SiO2 interlayer and MgO substrate, namely, 2.11 for SiO2[36]
and 2.98 for MgO.[37]
The calculated absorbance, defined as A = 1 − |r|2 − |t|2, as a
function of the thickness of SiO2 interlayer for a series of samples, n = 1,2,3, is plotted as solid lines in Figure 1c. One can see
that for n = 1, the absorbance slightly increases with increasing
thickness and reaches a maximum at about d = 100 nm, yet the
maximum absorbance is below 50%. For n = 2 and 3, the
absorbance increases sharply with increasing thickness of SiO2
Adv. Optical Mater. 2018, 6, 1800965

interlayer, and the maximum value increases with the increase
in n. It is worth noting that the maximum absorbance for n = 3
is almost 90%, about twice of the maximum value for n = 1. In
contrast, when d is smaller than 25 nm, the absorbance shows
inverse relation with n, which decreases with increasing n. This
is attributed to the fact that more reflecting interfaces exist
and the distance between them does not provide large phase
difference to cause significant destructive interference among
multireflection waves. Hence, the reflection is considerably
enhanced, leading to a reduced absorption.
To gain further insight into the absorption enhancement in
the PhC design, we depict in Figure 1d the laser field distribution in two samples: one with n = 1 and d = 2 nm, which was
normally used, and the other one with n = 3 and d = 110 nm,
according to our theoretical design. For the n = 1 sample, the
reflectance (R = |r|2) and transmittance (T = |t|2) are calculated
to be 28.7% and 33.4%, respectively. For the n = 3 sample, the
laser field distribution is reshaped to suppress the reflection and
transmission simultaneously, where R = 5.1% and T = 5.6%. In
comparison with the n = 1 sample, the laser field in the first
stack of metal films is “lifted,” and extended into the second and
third stacks, indicating that more incident energies are trapped
and absorbed. Therefore, each period can act as an emitter. Since
the total thickness of the n = 3 sample is less than 350 nm, far
smaller than the quarter wavelength of the emitted THz radiation, the induced transient charge currents in each period are
in phase, leading to the constructive interference of all emitters.
It is expected that the greatly enhanced laser absorption and the
superposition of THz emissions would significantly improve the
conversion efficiency of the spintronic THz emitter.
A series of samples with n = 1,2,3 and d varying from 2 to
110 nm were fabricated to verify our theoretical proposal. We
firstly measured the reflectance and transmittance of the samples under fs laser illumination to obtain their absorbance.
The blue squares, red circles, and green diamonds in Figure 1c
depicts the fs laser absorbance as a function of SiO2 thickness d with different repeating periods, n = 1,2,3, respectively.
The experimental results exhibit excellent agreement with the
theoretical calculations (solid lines). The highest absorbance
of the samples with n = 2 and n = 3 reaches 82% and 93%,
respectively. Compared to the typical spintronic emitter, for
example, the one with n = 1 and d = 2 nm, the absorbance in
the PhC structures is enhanced by a factor of more than 2.
We then continue with the investigation of the enhancement
of THz conversion efficiency. Figure 2a–c shows the measured
THz pulses generated by the spintronic emitters as a function
of SiO2 thickness d for different repeats, n = 1, 2, 3. To show the
effect quantitatively, we define the THz pulse amplitude as the
peak to peak intensity and plot its d-dependence for different n
in Figure 2d. It is readily to find that the THz pulse amplitude
increases with d for each number of period, in accordance with
the trend of fs laser absorbance. Nevertheless, the situation
becomes quite different if we compare the samples with the
same d but different n. For example, when d = 2 nm, the THz
pulse amplitude of the emitter with n = 2 is obviously smaller
than that of n = 1, whereas they have comparable laser absorbance. When d > 40 nm, although the laser absorbance of n = 2
is smaller than that of n = 3, the emitted THz pulse amplitude
is considerably larger. The sample with n = 2 and d = 110 nm
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Figure 2. a–c) Experimentally measured d-dependent THz pulse generation from samples [SiO2(d)/Pt(1.8 nm)/Fe(1.8 nm)/W(1.8 nm)]n with different
repeats, namely, n = 1, 2, 3. d) d-dependent THz pulse amplitude summarized from (a)–(c).

In the following, we establish a model to give a quantitative
description. Suppose that the THz radiations from the first,
second, and third periods are denoted by E1, E2, and E3, respectively, and the corresponding laser absorbance is denoted by A1,
A2, and A3, respectively. For the samples with n = 1, according
to Figure 3a, the emitted THz pulse amplitude is proportional
to the laser absorbance. Such linear relation can be expressed
as

provides the strongest THz pulse emission, which present a
1.7 times improvement compared to the typical single-repeat
spintronic THz emitter with d = 2 nm.
To make a better comparison, we normalized the THz
pulse amplitude and the fs laser absorbance to the values
obtained with the single-repeat sample with d = 2 nm, which
is the typical spintronic THz emitter of current design.[28]
Both the experimental (symbols) and theoretically calculated
(curves) d-dependent normalized quantities are depicted
in Figure 3a–c. For the samples with n = 1, these two normalized values are almost falling into an identical curve,
see Figure 3a, which confirms the theoretical proposal that
the THz pulse amplitude improvement originates from the
fs laser absorbance enhancement. For the samples with
n = 2 and n = 3, although all values increase as increasing
d, the enhancement rate of the normalized THz pulse amplitude is considerably smaller than that of the normalized fs
laser absorbance. And the difference becomes larger as d or n
increases. This phenomenon can be attributed to the absorption and multireflection of the THz radiation by the periodic
metal films. In fact, the stack of Pt/Fe/W films not only plays
the role of THz emitter, but also reflects and absorbs the THz
radiation that passes through it.
3.0

las er abs orbance (exp.)
T Hz amplitude (exp.)
las er abs orbance (model)
T Hz amplitude (model)

Normalized value

2.5

E n =1 = E 1 = β A1

where β is a constant, denoting the THz conversion parameter.
For the samples with n = 2, multireflection effect should be
considered. By measuring the THz transmission and reflection spectra of the structures, we obtained the transmission
and reflection coefficients of the stack unit, tT = 0.74, and
rT = −0.22, respectively. The THz absorbance can be calculated
as AT = 1− | rT2 | − | t T2 | = 0.40 . We note that each stack unit will
emit THz waves in both forward and backward direction.[28]
Hence, the forward THz emission of the whole structure
should include three parts: (i) the forward emission from the
first stack that experiences multireflection and interference;
(ii) the direct forward emission from the second stack; and (iii)
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Figure 3. Normalized THz pulse amplitude and femtosecond laser absorbance as the functions of SiO2 thickness d for different repeats: a) n = 1, b) n = 2,
c) n = 3. The reference is the sample with n = 1 and d = 2 nm. Symbols are experimental data and solid lines are the theoretically calculated results.
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the backward emission from the second stack that experiences
multireflection and interference. The expression can be written
analytically (see details in Note 6, Supporting Information)
E n =2 =

t T e ikd
rT t T e 2ikd
E1 + E 2 +
E2
2 2 ikd
1 − rT e
1 − rT2 e 2ikd

(2)

where E2 = βA2 and 2kd denotes the phase accumulation during
one-round reflection. Note that d is far smaller than the THz
wavelength. It offers almost zero phase accumulation, leading
to constructive interference among multireflections of the
emitted wave. Nevertheless, the factor imposed on E1 as shown
in Equation (2) is still smaller than 1 due to absorption and the
reflection to the backward direction, resulting in reduction of
the contribution of E1. Meanwhile, as rT is negative, the third
term on the right-hand side of Equation (2), which denotes the
contribution of the backward emission from the second period,
interferes destructively with the other two forward-emission
terms. These two facts are responsible for the reduction of the
total THz emission (less than the direct sum of E1 and E2). The
result is depicted as red solid line in Figure 3b. It explains why
the total THz emission is not enhanced linearly with the laser
absorbance while increasing n from 1 to 2.
For the PhC structure with n = 3, the situation becomes quite
complicated. The total forward emission is the sum of the emission from each period and its multireflection contributions. To
give the expression more briefly, we employ an approximation
here that neglects the multireflections more than two rounds,
since | rT5 | = 5.2 × 10 −4 , which is far smaller than 1. Its accuracy
was evaluated to be acceptable (see Note 7, Supporting Information). As a result, the expression is approximately given as
(see details in Note 7, Supporting Information)


rT2 t T2 e 4 ikd
1
E n =3 = t T2 e 2ikd 
+
+ 4rT4 t T2 e 6 ikd 
2
2
2
4
ikd
 (1 − rT2 e 2ikd ) 1 − rT t T e



ikd
2 ikd
× (E 1 + rT e E 2 + rT t T e E 3 )
+ tT e

ikd


rT2 t T2 e 4 ikd
1
4 2 6 ikd 
 1 − r 2 e 2ikd + 1 − r 2 t 2 e 4 ikd + 3rT t T e 
T
T T

(3)

× (E 2 + rT e ikd E 3 ) + E 3

where E3 = βA3. Note that Ai (i = 1,2,3) can be calculated by
employing transfer-matrix method (see Note 5, Supporting
Information). The model result is plotted as red solid line in
Figure 3c, which shows good agreement with the experimental
result. To elucidate the physics more intuitively, we depict the
laser field distribution in three samples with n = 3 in Figure 4,
whose SiO2 thicknesses are 2, 40, and 110 nm, respectively. One
can see that: (i) the first period has the largest laser field distribution and thus can provide the strongest THz emission; (ii)
with the increase of d, the fields in different periods rise with
different rate: A1 grows most rapidly and A3 remains almost
unchanged. Thus the first period offers the largest THz emission enhancement. Nevertheless, such emission should pass
through the other two periods, losing its energy by reflection
and absorption. The total contribution is illustrated by the first
term on the right-hand side of Equation (3) containing E1. Furthermore, it is partially cancelled out by the backward emissions
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Figure 4. Electric field distributions in the samples [SiO2(d)/Pt(1.8 nm)/
Fe(1.8 nm)/W(1.8 nm)]3 with various SiO2 thickness, d = 2, 40, 100 nm.

from the second and the third period, described by the first term
on the right-hand side of Equation (3) containing E2 and E3. The
second term on the right-hand side of Equation (3) describes
the reduction of the contribution of E2, which shares similar
physics with that of E1. Only the forward emission of E3, the
third term on the right-hand side of Equation (3), contributes
to the total emission directly, but it remains almost unchanged
with increasing d (see Figure 4). These facts indicate that most
laser absorbance enhancement occurs in the first two stacks,
but does not make a one-to-one contribution to the total forward THz emission, which is less than the direct sum of E1, E2,
and E3. This picture explains why the total THz emission is not
enhanced linearly with the laser absorbance while increasing d.
As a result, in our experiments, the sample with n = 2 and
d = 110 nm provides the strongest THz pulse emission, which
presents a 1.7 times improvement compared to the typical
single-repeat spintronic THz emitter with n = 1 and d = 2 nm.
In conclusion, we have demonstrated that metal–dielectric
PhC structure can greatly enhance the laser absorption in the
NM1/FM/NM2 spintronic THz emitter, and thus improve the
conversion efficiency. The key is that the interference between
the multiple scattering waves suppresses the reflection and
transmission simultaneously and reshapes the laser field distributions in the structure, which can be tailored by tuning
the thickness of dielectric interlayer. Accordingly, we achieved the
strongest THz pulse emission that presents a 1.7 times
improvement compared to the currently designed spintronic
THz emitter. A theoretical model was established to elucidate
the relationship between the forward THz emission and the
laser absorbance for the PhC structures, which showed excellent agreement with experimental results. This work introduces
one of the most popular optical concepts, photonic crystal, into
the burgeoning research field of spintronic THz emitter, which
may inspire the researcher to exploit fruitful ideas in the future,
such as plasmonics, metamaterials, etc.

Experimental Section
Sample Preparation: The stack of Pt(1.8 nm)/Fe(1.8 nm)/W(1.8 nm)
films and the SiO2 interlayers were grown on a 0.5 mm thick MgO
substrate by dc and rf magnetron sputtering, respectively. The base
pressure of the sputter chamber was 5 × 10−5 Pa.
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Experimental Details: A standard THz time-domain spectroscopy
setup is utilized to generate and detect the THz pulse waveforms.
Linearly polarized femtosecond laser pulses (with duration of 120 fs,
center wavelength of 800 nm, power of 350 mW, and repetition rate
of 80 MHz) from a Ti:sapphire laser oscillator excite the emitter under
normal incidence, and the generated THz signals were detected by
the electro-optic sampling technique with probe pulses (20 mW) from
the same laser copropagating with the THz wave through an electrooptic crystal. A 1 mm thick ZnTe (110) electro-optic crystal was used
for detection. An in-plane magnetic field of 140 mT was applied to the
emitter. The laser beam diameter was adjusted to be ≈1 mm. For the
optical absorption measurements, the emitters were illuminated under
the same fs laser energy, and the reflected and transmitted energy were
detected by power meter. All measurements were performed at room
temperature in a dry air environment.
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