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Terahertz emission from YBa2Cu3O7Àd thin films via bulk electric-quadrupole –magnetic-dipole
optical rectification

Jennifer L. W. Siders, S. A. Trugman, F. H. Garzon, R. J. Houlton, and A. J. Taylor*
Materials Science and Technology Division and Theoretical Division, Los Alamos National Laboratory, MS K764,

Los Alamos, New Mexico 87545
~Received 1 December 1999!

We report the observation of terahertz emission from YBa2Cu3O72d thin films excited by 1.5-eV, 150-fs
pulses in the absence of external electric or magnetic fields. This emission is characterized for optimally doped
d50 films and underdopedd50.5 films, over a range of temperaturesT, 4 K,T,300 K, where the films
change from superconductors to correlated metals. It exhibits a pronounced 4f dependence with respect to the
azimuthal anglef. We demonstrate that this emission is generated by optical rectification due to the bulk
electric quadrupole and magnetic dipole source terms. A model of this emission, assuming that the nonlinearity
results from transport of carriers with different masses and relaxation times in the three crystallographic
directions, is consistent with the data. A fit of the data to this model yields values for the anisotropic masses
and relaxation times in YBa2Cu3O72d thin films.
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I. INTRODUCTION

The generation of subpicosecond terahertz~THz! band-
width radiation via the illumination of nonlinear materia
with visible femtosecond pulses is of interest both as a sp
troscopic source and as a probe of the electronic and vi
tional properties of materials.1–4 Such THz emission studie
are based on coherent optical excitation of a material and
subsequent temporal evolution of the far-infrared dipole
sociated with the excitation. THz emission has previou
been observed from superconducting (T,TC) YBa2Cu3O7
thin films configured as biased antennas5 and unbiased in a
magnetic field.6 Here we describe the observation of TH
emission from YBa2Cu3O72d ~YBCO! thin films in the ab-
sence of an external electric or magnetic field. This T
emission is generated by optical rectification due to the b
electric quadrupole and magnetic dipole source terms, an
our knowledge comprises the first observation of such sou
terms in THz emission. A model of this emission, assum
that the nonlinearity results from transport of carriers w
different masses and relaxation times in the three crysta
graphic directions, is presented and the data are anal
using this model.

II. EXPERIMENT

We usec-axis-oriented, twinned YBa2Cu3O72d films de-
posited on 1-mm-thick~100! MgO substrates using dc off
axis sputtering. X-ray analysis of the films indicates that
c axis of the film is well aligned with the surface normal, a
that thea and b axes are aligned with the MgO axes. Tw
optimally dopedd50 films with thicknesses of 60 and 30
nm are studied. The superconducting transition tempera
for these films is 85 K. The 300-nm-thick underdop
YBa2Cu3O6.5 film has a transition temperature of 55 K.

The experimental setup for the detection of THz emiss
is as follows: The 800-nm, 150-fs output of a 1-kHz amp
fied Ti:sapphire laser system is split into a pump pul
which is mechanically chopped at 200 Hz and used to ex
PRB 610163-1829/2000/61~20!/13633~6!/$15.00
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the sample, and a gate pulse, temporally delayed with res
to the pump, which drives a photoconductive THz detec
The THz emission transmitted through the sample is c
lected with a pair of gold-coated parabolic mirrors and
cused onto a photoconductive detector consisting of 2.5-m
gap electrodes deposited on radiation-damaged silicon
sapphire. The resultant temporal resolution is about 1 ps.
emitted THz waveform is measured by scanning the g
delay relative to the pump and synchronously detecting
output of the photoconductive detector at the pump chopp
frequency. A wire grid polarizer placed between the sam
and the detector is used to select eitherP- or S-polarized THz
radiation.

III. ROOM-TEMPERATURE RESULTS

The amplitude of the emitted THz waveforms exhibits
nontrivial dependence on the doping level of the sample
polarization of the detected and emitted radiation, as wel
on the angle of incidenceu of the optical excitation and the
azimuthal orientationf of the crystal with respect to the
twinned a and b axes. However, the waveforms are alwa
dispersion-shaped with a width limited by the 1-ps detec
resolution. Figure 1 reveals the emitted waveforms from
300-nm-thick YBa2Cu3O7 film at T5300 K excited atu
550° andf522.5°, for S-polarized incident and detecte
radiation~SS!, S-polarized incident radiation andP-polarized
detected radiation~SP!, P-polarized incident radiation and
S-polarized detected radiation~PS!, andP-polarized incident
and detected radiation~PP!. Such dispersion-shaped wav
forms are typically indicative of a nonlinearity due to fre
rather than bound carriers, where the radiated terahertz
is proportional to the first derivative of the photoinduc
current,]J/]t.

The amplitude of the emitted terahertz electric field sca
linearly with the incident optical intensity~and therefore
quadratically with incident electric field! up to fluences of 6
13 633 ©2000 The American Physical Society
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mJ/cm2, consistent with a second order, nonlinear opti
process; however, because YBCO is centrosymmetric,
bulk electric dipole contribution to second order nonline
susceptibility,x2, vanishes. Since differentx2 processes ex
hibit distinctive dependences on incident and detected po
izations, as well as on orientation of crystal axes, we mea
the peak-to-peak emitted terahertz field as a function of
cident and detected polarization and rotation,f, about the
surface normal.~For this measurement the waveform forESS

in Fig. 1 has a positive amplitude, while the waveform f
EPS has a negative amplitude.! The results for YBa2Cu3O7 at
T5300 K are shown in Fig. 2~a! ~points!, while the results
for YBa2Cu3O6.5 are shown in Fig. 2~b! ~points!. For both
materials the strong anisotropy with 4f symmetry@cos(4f)
for P-detected emission and sin(4f) for S-detected emission#
in the emitted field is consistent with a bulk electr
quadrupole/magnetic dipole process from a twinned ort
rhombic crystal like YBa2Cu3O72d . We further note that
such a 4f symmetry cannot occur via an electric dipole pr
cess even in the presence of a surface field.7

Formally, the induced polarization for THz generation v
a bulk electric quadrupole/magnetic dipolex2 process can be
written as7

Pq,i
~2!~V!5xq,i jkl

~2! ~V5v2v!Ej]xkEl . ~1!

For an arbitrary material the fourth-rank tensorxq
(2) will have

81 independent elements. For a twinned orthorhombic m
rial, the independent, nonvanishing tensor elements
xq,i i i i

(2) , xq,i i j j
(2) , xq,i j j i

(2) , and xq,i j i j
(2) , where the tensor is ex

pressed in terms of the crystallographic axis andi and j are
distinct elements.~Twinning is incorporated into the formal
ism by allowing thex andy axes to become interchangeab
in the analysis.! The resulting form for THz radiationEa,b

~wherea refers to the input andb refers to the output polar
ization! due to a bulk electric quadrupole/magnetic dipo
process inc-axis-oriented, twinned YBa2Cu3O72d is pre-
sented in Table I. Both the formal analysis in Table I and
data in Fig. 2 exhibit the following features: TheP-detected

FIG. 1. Emitted THz waveforms~offset vertically! from a 300-
nm-thick YBa2Cu3O7 film at T5300 K excited atu550° andf
522.5°, for S S-polarized incident and detected radiation~SS!,
S-polarized incident radiation andP-polarized detected radiatio
~SP!, P-polarized incident radiation andS-polarized detected radia
tion ~PS!, andP-polarized incident and detected radiation~PP!.
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FIG. 2. ~a! Peak-to-Peak THz field amplitude vs azimuthal ang
f for a YBa2Cu3O7 film excited by P-~filled symbols! or
S-polarized~open symbols!, 1.5 eV pulses at an incident angle o
50° and detectingP-~circles! or S-polarized~rectangles! radiation.
The uncertainty inf is 62°, and the uncertainty in the THz field
amplitude is60.3. The solid curves are fits to the data of t
forms EPP51.9$cos(4f)12.7%, ESP51.45$1.3- cos(4f)%, EPS5
21.5 sin(4f), ESS51.3 sin(4f). ~b! Peak-to-peak THz field ampli-
tude vs azimuthal angle for a YBa2Cu3O6.5 film excited byP-~filled
symbols! or S-polarized~open symbols!, 1.5-eV pulses at an inci-
dent angle of 50° and detectingP-~circles! or S-polarized ~rect-
angles! radiation. The uncertainty inf is 62° and the uncertainty in
the THz field amplitude is60.6. The solid curves are fits to the da
of the formsEPP56.4$cos(4f)11.3%, ESP56.1$0.3- cos(4f)%, EPS

526.4 sin(4f), andESS55.3 sin(4f).
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radiation exhibits af-independent offset as well as a ter
proportional to cos(4f), while the S-detected radiation is
proportional to sin(4f) with no offset. In either case th
waveforms for theP- andS-polarized incident radiation ar
180° out of phase. In the polarization calculation the am
tude associated with the 4f term is the same for all fou
cases and is proportional tozq,xy

(2) 1zq,yx
(2) ~where zq,i j

(2)

5xq,i i i i
(2) 2xq,i j j i

(2) 2xq,i i j j
(2) 2xq,i j i j

(2) !, that describes the averag
anisotropy ofxq

(2) in the a-b plane.7 ~We note that this am-
plitude is identically zero if thea andb directions are equiva
lent.! However, different Fresnel factors for the different p
larizations result in somewhat different amplitudes measu
for the radiated fields, a fact that is further complicated
the double refraction~neglected in the calculations present
in Table I! that occurs in this anisotropic material.8

As seen from Table I, there is a strong dependence on
angle of incidence such that the emission disappears at
mal incidence (u50°) for all polarizations, in agreemen
with experimental observations. The dependence of
peak-to-peak THz amplitude forEPP on the angleu8 of the
refracted wave for YBa2Cu3O7 is plotted in Fig. 3~a! for f
50° and 45°. From Table I the expected form of this data
EPP(u8)5A sin(2u8)1Bsin(4u8). The solid lines in Fig. 3~a!
are fits ofEPP(u8) to the data. Moreover, in Fig. 3~b! we plot
EPPversusf for YBa2Cu3O7 at u8530° and 50°. The result
ant fits to the data~solid lines! are EPP(u8550°,f)
51.86$cos(4f)12.7% and EPP(u8530°,f)51.26$cos(4f)
12.6%. Therefore, the form of the two sets of data matches
within the uncertainty of the measurements, implying us
Table I that xq,xzxz

(2) 1xq,yzyz
(2) 2xq,zxzx

(2) 2xq,zyzy
(2) 2zq,zx

(2) 2zq,zy
(2)

50.
The absolute strength of the emission can be dire

compared to bulk electricdipole x2 emission from materia
lacking inversion symmetry such as InP~excited above the
band gap! by measuringEPS from both semi-insulating InP
and YBa2Cu3O7, excited under the same conditions. By me
suring S-detected emission we detect THz emission d
solely to optical rectification, since we avoid detecting TH
radiation from InP produced via carrier acceleration in
depletion field. In both cases the incident angleu550°,
while the azimuthal anglef is set to maximize the THz

TABLE I. The resulting form for THz radiationEa,b ~wherea
refers to the input andb refers to the output polarization! due to a
bulk electric quadrupole/magnetic dipole process inc-axis-
oriented, twinned YBa2Cu3O72d, where«o is a constant propor-
tional to the incident optical intensity, andzq,i j

(2) 5xq,i i i i
(2) 2xq,i j j i

(2)

2xq,i i j j
(2) 2xq,i j i j

(2) .

ESS5«o sinu8(zq,xy
(2) 1zq,yx

(2) )sin(4f)

EPS52«o sinu8 cos2 u8(zq,xy
(2) 1zq,yx

(2) )sin(4f)

ESP5«o sinu8 cosu8$(zq,xy
(2) 1zq,yx

(2) )@12cos(4f)#

14(xq,xyxy
(2) 1xq,yxyx

(2) 2xq,zxzx
(2) 2xq,zyzy

(2) )%

EPP5«o sinu8 cosu8$@(zq,xy
(2) 1zq,yx

(2) )@cos(4f)21#

14(zq,xz
(2) 1zq,zx

(2) 1zq,yz
(2) 1zq,zy

(2) )]cos2 u8

14(xq,xzxz
(2) 1xq,yzyz

(2) 2xq,zxzx
(2) 2xq,zyzy

(2) 2zq,zx
(2) 2zq,zy

(2) )%
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output ~f545° for InP andf522.5° for YBa2Cu3O7!. The
waveforms have the same dispersion shape, but the am
tude of the InP emission is 12 times larger than t
YBa2Cu3O7 emission. This is an unexpectedly large val
for electric quadrupole/magnetic dipole emission, since ty
cally such a field is expected to be smaller than a dipole fi

FIG. 3. ~a! EPP vs angle of refracted light,u8, for YBa2Cu3O7 at
f50° ~circles! andf545° ~squares!. The uncertainty in the THz
field amplitude is62. The solid line are fits of the data to th
theoretically predicted formEPP(u8)5A sin(2u8)1B sin(4u8). ~b!
EPP vs f for YBa2Cu3O7 at u8530° ~squares! and at u8550°
~circles!. The uncertainty inf is 62° and the uncertainty in the
THz field amplitude is60.3. The resultant fits to the data~solid
lines! are EPP(u8550°,f)51.86$cos(4f)12.7%, and EPP(u8
530°,f)51.26$cos(4f)12.6%. The form of the two sets of data
matches to within the uncertainty of the measurements.
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TABLE II. Values of the material parameters used in the model to calculate the THz emission
complex dielectric constant« i , the dc conductivitys i , and the relaxation timet i in each of the three
crystallographic directions,i 5a, b, andc. In the first column the values of these quantities for YBa2Cu3O7

single crystals from Ref. 9 are given, while columns 2 and 3 list these quantities for YBa2Cu3O7 and
YBa2Cu3O6.5 thin films, respectively, as determined by the fit of the model to our data.

YBa2Cu3O7 crystal ~Ref. 9! YBa2Cu3O7 film YBa2Cu3O6.5 film

«a 3.0311.78i 3.0411.84i 3.0611.84i
«b 0.5113.49i 0.5213.45i 0.5513.40i
«c 3.4714.41i 3.4714.41i 3.4514.42i
sa ,sb ,sc ~eV! 0.76, 1.65, 0.046 0.63, 1.70, 0.152 0.52, 1.73, 0.159
ta ,tb ,tc ~eV21! 2.00, 1.65, 1.00 2.03, 1.61, 1.00 2.06, 1.56, 1.01
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by a factor ofka51022– 1023, wherek is the visible wave
vector anda is an atomic dimension. This large magnitude
electric quadrupole/magnetic dipole emission fro
YBa2Cu3O72d probably results from the fact that the orig
of the nonlinearity is free carriers in YBa2Cu3O72d but
bound or photoexcited carriers in InP. The fact that the a
plitude of the emission from underdoped YBa2Cu3O6.5 is
roughly three times smaller than the emission fro
YBa2Cu3O7 provides further evidence that free carriers a
responsible for the nonlinearity which causes the emiss
since this underdoped sample has fewer free carriers
YBa2Cu3O7.

IV. MODELING

The observed THz emission can be explained in term
the material properties of YBa2Cu3O72d . To first order, the
electric field of the incoming light causes the free carriers
the film to oscillate at a frequencyv. There are two types o
second-order responses:~a! The free carriers with a nonzer
velocity v(t)5dx(t)/dt from their first-order response inte
act with the magnetic field of light and experience an ad
tional forceF(t), proportional tov(t)3B(t), that leads to
emission.~b! The carriers have a displacementx(t) from
their first-order response. Ifx(t) is not orthogonal to the
wave vectork, there is a correction to the electric field e
perienced due to the exp(ik•x) spatial dependence of th
electric field. Note that the material must be anisotropic
the displacementx to have a component parallel tok. The
magnetic dipole~a! and electric quadrupole~b! processes
lead to emission at 2v andv'0. We observe the latter low
frequency process that leads to emission in the THz
quency range because of the width of the incoming opt
pulse. The second-order force on a free carrier at freque
v'0, due to both the electric quadrupole and magnetic
pole effects, is

Fm52~e/2!dmbdgn Im@~xn
1 * 1xn

2 * !~kb
1Eg

11kb
2Eg

2!#,
~2!

wheree is the electron charge,Eg
1 and Eg

2 are the electric
fields of the two transmitted~through double refraction!
waves,kb

1 andkb
2 are the complexk vectors corresponding to

Eg
1 and Eg

2 , and xn
1 and xn

2 are the linear charge displace
ments due to the respective electric fields.~xn

i * is the com-
plex conjugate ofxn

i ,dmb is the identity matrix, and there i
an implied sum over repeated indices.!
f

-

n,
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n
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In this model the THz emission is calculated assumin
twinned crystal with orthorhombic symmetry. Twins wit
interchangeda andb axes, whereb is the chain direction and
a is the other in-plane direction, are assumed to occupy eq
area on the sample. The dielectric tensor is complex, dia
nal in the orthorhombic basis, and is specified at each
quencyv by three complex numbers. For a given incomi
wave, we solve for the amplitude of the reflected and the t
distinct transmitted waves, each with its own complexk.8

Because of the boundary conditions, the components ofk in
the a-b plane are real for the transmitted waves. The film
assumed to be much thicker than an optical depth.

We assume that the linear free carrier response~at dc and
at v! is described by the anisotropic Drude formula,sn(v)
5ne2tn /@mn(12 ivtn)#, wheren indicates thea, b, or c
direction. This form of the conductivity results in linear di
placementsxn

j :

xn
j 5 ietnEn

j /@vmn~12 ivtn!#, ~3!

where j 51 and 2 for the two transmitted electric fields. U
ing Eqs.~2! and~3!, we calculate the electric quadrupole an
magnetic dipole THz current, including the cross terms
tween the two doubly refracted beams. Despite the simpli
of this model, 12 real numbers are required to specify
emission~the complex dielectric constant« i , the dc conduc-
tivity s i , and the relaxation timet i in each of the three
crystallographic directions,i 5a,b,c!.

To compare the model with our data we use the exp
mentally determined parameters9 for crystals of YBa2Cu3O7
given in Table II, column 1, and calculate the resultant pe
to-peak THz field amplitude forEPP, ESP, EPS, and ESS,
versus azimuthal anglef. The calculated THz emission ex
hibits many of the same features as the emission data~Fig. 2!
but is not in quantitative agreement with that data. To obt
quantitative agreement between our data and the mode
vary the material parameters. Specifically, thex2 ~the sum of
the squared deviations! between our measurements of th
peak-to-peak THz field amplitudesEPP, ESP, EPS, andESS

and the model is minimized by descending the gradien
the 12-dimensional parameter space starting with this in
set of parameters. The calculated THz emission using o
mized parameters in our model is plotted in Fig. 4~a! for
YBa2Cu3O7, and Fig. 4~b! for YBa2Cu3O6.5 ~solid curves!,
along with the experimental data~points!. The values of the
material parameters resulting from this optimization a
given in Table II along with the values from Reference
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FIG. 4. Calculated peak-to-peak THz emission using optimi
parameters in our model~solid lines! and measured peak-to pea
THz emission~points! for YBa2Cu3O7 ~a! and YBa2Cu3O6.5 ~b! vs
azimuthal angle,f. For ~a!, the uncertainty inf is 62°, and the
uncertainty in the THz field amplitude is60.3. For~b!, the uncer-
tainty in f is 62°, and the uncertainty in the THz field amplitude
60.6.
measured on untwinned, single crystal YBa2Cu3O7 samples
using linear spectroscopic techniques. The fit shown in F
4~a!, using the parameters given in the second column
Table II is 24 times better~as measured byx2! than the fit
obtained with the single crystal parameters of Ref. 9~first
column of Table II!. The fit in Fig. 4~b! is 16 times better.
The difference between the calculations and experiment m
be due to the inadequacy of the assumption of a Drude c
ductivity, especially at 1.5 eV.

A comparison of the measured THz emission f
YBa2Cu3O7 ~points! with the calculated emission~solid
curves! in Fig. 4~a! yields good agreement except for th
amplitude ofEPS, while a comparison of the measuremen
for YBa2Cu3O6.5 with the calculations@Fig. 4~b!# shows bet-
ter agreement for theS-detected emission than for th
P-detected emission. The only parameters that changed
nificantly during this optimization were the dc conductivitie
s i ; other parameters~complex dielectric constants« i at 1.5
eV, and the relaxation timest i! all changed by less than
10%. Significantly higher values for thec-axis conductivity
are found,sc50.152 eV for YBa2Cu3O7 and sc50.159 eV
for YBa2Cu3O6.5, as compared to the value ofsc

50.046 eV from Ref. 9. A higher value for the ratio of th
chain to plane conductivitiessb /sa results from this data
with a ratio of 2.7 for YBa2Cu3O7 and 3.3 for YBa2Cu3O6.5,
as compared to 2.2 for YBa2Cu3O7 from Ref. 9. This appar-
ent discrepancy may be caused by the difference in cond
tivities between untwinned single crystals and twinned t
films. We further note that the anisotropic conductivity ca
not be determined in twinned samples using linear trans
measurements.

FIG. 5. Emission efficiency vs temperature for a 60-nm-th
YBa2Cu3O7 film (Tc585 K), excited atu550°, f50° ~solid
circles, fractional uncertainty565%!, and f545° ~solid dia-
monds, the fractional uncertainty is615%!, and for a 300-nm-thick
YBa2Cu3O6.5 film (Tc555 K), excited atu550°, f50° ~open
squares; the fractional uncertainty is67%!. The emission has bee
corrected for the temperature-dependent THz absorption.
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V. TEMPERATURE-DEPENDENT EMISSION

The temperature dependence of the emission (EPP) is
characterized over the range of temperaturesT, 4 K,T
,300 K, where the films change from superconductors
correlated metals. Since the absorption of THz radiation
creases enormously below the superconducting trans
temperature, we measure THz transmission at each temp
ture, and use these data to calculate a THz emission
ciency that is independent of the absorption. In Fig. 5 we p
the temperature dependence of this emission efficiency
YBa2Cu3O7 at f50° and 45° ~maximum and minimum
emission angles!, as well as for YBa2Cu3O6.5 at f50°. For
YBa2Cu3O7 the emission exhibits the same behavior for bo
values off: It is roughly constant between 300 K and th
superconducting transition temperatureTC585 K, where it
abruptly increases, leveling off at low temperature to a va
65% higher than that measured for the normal state.
YBa2Cu3O7 data in Fig. 5 fit reasonably well to a two-flui
model usingTC585 K, and yield a ratio for superfluid to
normal emission efficiency of 1.65.

A simple two-fluid model describes the temperature
pendence of the emission from YBa2Cu3O6.5 less well. The
temperature dependence of emission from YBa2Cu3O6.5 ex-
hibits a similar but slightly different behavior tha
YBa2Cu3O7 in that the emission is constant fromT5300 to
180 K, then increases slowly but monotonically down
TC555 K, where it abruptly increases, peaking at low te
perature to a value twice as large as atT5300 K. Such be-
havior is consistent with the opening of a spin gap in
underdoped material at 180 K. If the normal carriers cou
strongly to spin fluctuations in these materials, then
opening of the spin gap at a temperatureT* should be ac-
companied by an increase in the scattering time, giving

*FAX: ~505! 665-7652. Email: ttaylor@lanl.gov
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to an enhancement in the real conductivity belowT* .10 An-
other possible explanation is that aboveTC , the supercon-
ducting phase correlations are finite in space and time.11,12

An enhancement of the conductivity for temperaturesT such
that TC,T,T* was observed in both dc and THz condu
tivity measurements in underdoped cuprates.13,14Such an in-
crease in the real conductivity forTC,T,T* 5180 K in
YBa2Cu3O6.5 would result in an increase in the THz emissio
over that temperature range, as observed in Fig. 5.

VI. CONCLUSIONS

In conclusion, we report the observation of THz emissi
from unbiased thin films excited by 1.5-eV, 150-fs pulse
This emission is characterized for optimally doped,d50,
and underdoped,d50.5 films, over a range of temperature
T, 4 K,T,300 K, where the films change from superco
ductors to correlated metals. We demonstrate that this e
sion is generated by optical rectification due to the bulk el
tric quadrupole and magnetic dipole source term
comprising what we believe to be the first observation
such a source term in THz emission. A model of this em
sion, assuming that the nonlinearity results from transpor
carriers with different masses and relaxation times in
three crystallographic direction, is consistent with the data
fit of the data to this model yields values for the anisotro
masses and relaxation times in YBa2Cu3O72d thin films.
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