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Terahertz emission from YB&Cu3z0-_ s thin films via bulk electric-quadrupole —magnetic-dipole
optical rectification
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We report the observation of terahertz emission from B8O, _ s 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
6=0 films and underdoped=0.5 films, over a range of temperaturés4 K<T<300K, where the films
change from superconductors to correlated metals. It exhibits a pronougadepéndence with respect to the
azimuthal anglep. 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 YB&u;O;_ 5 thin films.

[. INTRODUCTION the sample, and a gate pulse, temporally delayed with respect

to the pump, which drives a photoconductive THz detector.

The generation of subpicosecond terahdfiitiz) band- The THz emission transmitted through the sample is col-

width radiation via the illumination of nonlinear materials lected with a pair of gold-coated parabolic mirrors and fo-
with visible femtosecond pulses is of interest both as a speczused onto a photoconductive detector consisting of 2.5-mm-
troscopic source and as a probe of the electronic and vibragap electrodes deposited on radiation-damaged silicon-on-
tional properties of materiafs:* Such THz emission studies sapphire. The resultant temporal resolution is about 1 ps. The
are based on coherent optical excitation of a material and themitted THz waveform is measured by scanning the gate
subsequent temporal evolution of the far-infrared dipole asge|ay relative to the pump and synchronously detecting the
sociated with the excitation. THz emission has prewouslyOutput of the photoconductive detector at the pump chopping
been observed from superconductinf<(Tc) YBa,CusO7  graquency. A wire grid polarizer placed between the sample

thin films configured as biased antenhasd unbiased in & ;4 the detector is used to select eitReor S-polarized THz
magnetic field Here we describe the observation of THz radiation

emission from YBgCu;O;_ 5 (YBCO) thin films in the ab-

sence of an external electric or magnetic field. This THz

emission is generated by optical rectification due to the bulk

electric quadrupole and magnetic dipole source terms, and to IIl. ROOM-TEMPERATURE RESULTS

our knowledge comprises the first observation of such source Tpq amplitude of the emitted THz waveforms exhibits a
terms in THz emission. A model of this emission, assuming, o nirivial dependence on the doping level of the sample the

that the nonlinearity results from.translport of carriers Wlthpolarization of the detected and emitted radiation, as well as
different masses and relaxation times in the three crystallo-

S . on the angle of incidenceé of the optical excitation and the
graphic directions, is presented and the data are analyzed . hal ori : f th | with h
using this model. azimuthal orientationg of the crystal with respect to the

twinned a and b axes. However, the waveforms are always
dispersion-shaped with a width limited by the 1-ps detector
resolution. Figure 1 reveals the emitted waveforms from a

We usec-axis-oriented, twinned YBELu0,_ ;s films de-  300-nm-thick YBaCu;O; film at T=300K excited at6
posited on 1-mm-thicK1000 MgO substrates using dc off- =50° and¢=22.5°, for S-polarized incident and detected
axis sputtering. X-ray analysis of the films indicates that theradiation(SS), S-polarized incident radiation arfetpolarized
c axis of the film is well aligned with the surface normal, and detected radiatioSP), P-polarized incident radiation and
that thea andb axes are aligned with the MgO axes. Two S-polarized detected radiatiqgRS, andP-polarized incident
optimally dopeds=0 films with thicknesses of 60 and 300 and detected radiatioPP). Such dispersion-shaped wave-
nm are studied. The superconducting transition temperatuf®rms are typically indicative of a nonlinearity due to free
for these films is 85 K. The 300-nm-thick underdopedrather than bound carriers, where the radiated terahertz field
YBa,Cu;Og 5 film has a transition temperature of 55 K. is proportional to the first derivative of the photoinduced

The experimental setup for the detection of THz emissiorcurrent,dJ/ dt.
is as follows: The 800-nm, 150-fs output of a 1-kHz ampli- The amplitude of the emitted terahertz electric field scales
fied Ti:sapphire laser system is split into a pump pulsejinearly with the incident optical intensityand therefore
which is mechanically chopped at 200 Hz and used to excitguadratically with incident electric fieldup to fluences of 6

Il. EXPERIMENT
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Radiated THz Field
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FIG. 1. Emitted THz waveforméoffset vertically from a 300-
nm-thick YBaCuO; film at T=300K excited atd=50° and ¢
=22.5°, for S Spolarized incident and detected radiati¢®S),
Spolarized incident radiation anB-polarized detected radiation
(SP, P-polarized incident radiation an@polarized detected radia- -2
tion (PS, andP-polarized incident and detected radiatid@P.

Peak-to-Peak THz Amplitude
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mJ/cnt, consistent with a second order, nonlinear optical e
process; however, because YBCO is centrosymmetric, the
bulk electric dipole contribution to second order nonlinear
susceptibility,x?, vanishes. Since different® processes ex-
hibit distinctive dependences on incident and detected polar-
izations, as well as on orientation of crystal axes, we measure
the peak-to-peak emitted terahertz field as a function of in-
cident and detected polarization and rotatign,about the
surface normal(For this measurement the waveform ft>
in Fig. 1 has a positive amplitude, while the waveform for
EPShas a negative amplitudeThe results for YBsCu,0, at
T=300K are shown in Fig. @) (points, while the results
for YBa,Cu;Og 5 are shown in Fig. @) (points. For both
materials the strong anisotropy withpdsymmetry[cos(4p)
for P-detected emission and sirgfor S-detected emissidn
in the emitted field is consistent with a bulk electric
guadrupole/magnetic dipole process from a twinned ortho-
rhombic crystal like YBgCu;O;_ 5. We further note that
such a 4» symmetry cannot occur via an electric dipole pro-
cess even in the presence of a surface field.

Formally, the induced polarization for THz generation via
a bulk electric quadrupole/magnetic dipglé process can be 5 20 40 60 80 100 120 140 160 180

written ag (b) Azimuthal Angle (¢)

(2) — (2 — )
Pai () =Xqij (2= 0= 0)EjoxE,. @ FIG. 2. (a) Peak-to-Peak THz field amplitude vs azimuthal angle

For an arbitrary material the fourth-rank teng@f will have ¢ for a YBgCuO; film excited by P-(filed symbols or
81 independent elements. For a twinned orthorhombic matezPelarized(open symbols 1.5 eV pulses at an incident angle of

. . PR 0° and detectind?-(circles or S-polarized(rectangley radiation.

rial, the in ndent, nonvanishin nsor elemen r oS o )
az, the 2 depezde L no 2a shing tensor ele ? s a he uncertainty ing is +2°, and the uncertainty in the THz field
() @2 ) and y'?).. . where the tensor is ex- . . . .

Xa.iiii » Xaq,iijj » Xaijji » Xa,ijij . o . amplitude is +£0.3. The solid curves are fits to the data of the

pressed in terms of the crystallographic axis ar@ehdj are  ¢) s EPP= 1.9(cos(48)+2.7, ESP=1.451.3- cos(4))}, EPS=

_distinct eIem_ents(Twinning is incorporated i_nto the formal- _4 5 sin(4p), ESS=1.3 sin(4$). (b) Peak-to-peak THz field ampli-
ism by allowing thex andy axes to become interchangeable yde vs azimuthal angle for a YB@WO; s film excited byP-(filled

in the analysig. The resulting form for THz radiatioE®#  symbolg or Spolarized(open symbols 1.5-eV pulses at an inci-
(wherea refers to the input ang refers to the output polar- dent angle of 50° and detectir@-(circles or Spolarized (rect-
ization) due to a bulk electric quadrupole/magnetic dipoleangles radiation. The uncertainty ih is =2° and the uncertainty in
process inc-axis-oriented, twinned YB&u;O;_ 5 is pre-  the THz field amplitude is-0.6. The solid curves are fits to the data
sented in Table . Both the formal analysis in Table | and theof the formsEP"=6.4{cos(4$)+1.3}, ESP=6.1{0.3- cos(4))}, E™S
data in Fig. 2 exhibit the following features: TiRedetected = — 6.4 sin(4p), and ESS=5.3 sin(4p).
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TABLE I. The resulting form for THz radiatioE®# (wherea

1 2 " 1 2 1 " 1 2 1 1 1
refers to the input ang@ refers to the output polarizatiprlue to a 20 ] l
bulk electric quadrupole/magnetic dipole process draxis- 40 i
oriented, twinned YB#&Lu;0;_5, wheree, is a constant propor- | |
tional to the incident optical intensity, anif?)=x{2; — x; 30 |
) B ) 0
Xa,iiji — Xa,ijij - <
2 20 i
ESS=¢,sin ' ({3, + 3 )sin(4e) %
EPS=—g,sin® cod ¢ ({3, +2))sin(4) f] 104 i
ESP=z,sin ¢ cosd'{({3+ {2, 1—cos(4p)] T 04 -
+4(XE]%>)<yxy+X((qz,y)/xyx_)((q?;xzx_ Xé?%yz;)} :3; -10 4 B
EPP=¢,sin @’ cosd'{[({2),+2 cos(4p)—1] $ 20) mo i
A+ (Rt )+ (R 008 0 3 0] i
+ 4(X(('_]%))(ZXZ+ X((]?))/zyz_ X(q?;xzx_ Xg?%yzy_ gt(]zgx_ 582%y)} 10 1
radiation exhibits ap-independent offset as well as a term 0 30 20 -10 0 10 20 30 40
proportional to cos(#), while the Sdetected radiation is (a) Internal Angle (8")
proportional to sin(¢) with no offset. In either case the
waveforms for theP- and S-polarized incident radiation are e
180° out of phase. In the polarization calculation the ampli- 271 o L
tude associated with thegdterm is the same for all four =
cases and is proportional tg(?) +¢%).  (where ({2 i i
=X((:12,i)iii _X‘(f')JH _ng,|)|” _X((ffl)llJ ), that describes the average _g
anisotropy ofx?) in the a-b plane’ (We note that this am- o
plitude is identically zero if th@ andb directions are equiva- E 34 i
lent) However, different Fresnel factors for the different po- = 1 od
larizations result in somewhat different amplitudes measured g 4]0 5
for the radiated fields, a fact that is further complicated by ﬁ
the double refractioineglected in the calculations presented jani
in Table |) that occurs in this anisotropic materfal. : 3 i
As seen from Table I, there is a strong dependence on the 3
angle of incidence such that the emission disappears at nor- °g 2] L
mal incidence ¢=0°) for all polarizations, in agreement <
with experimental observations. The dependence of the fg
peak-to-peak THz amplitude f&"" on the angled’ of the A 14 i
refracted wave for YB#u;0; is plotted in Fig. 8a) for ¢
=0° and 45°. From Table | the expected form of this data is o+
EPR(#")=Asin(20')+Bsin(44'). The solid lines in Fig. @) 0 20 40 60 80 100 120 140 160 180
are fits ofEP7(6") to the data. Moreover, in Fig(8) we plot (b) Azimuthal Angle (¢)
EPPversuse for YBa,Cu0; at 8’ =30° and 50°. The result- o o
ant fits to the data(solid lineg are EPP(H/ =50°,¢) FIG. 3. (8 E™" vs angle of refracted ligh#’, for YBa,Cu;O; at

=1 +2. PR’ =30° &) =1. ¢=0° (circles and $=45° (squares The uncertainty in the THz
+Zlg}q(':l'?1$e(febf)orez Zile?glfjmif t(hae twiosédt)s) ofldii{alcrsr)]z(tfgest ield amplitude is+2. The solid line are fits of the data to the

within the uncertainty of the measurements, implying usin heoretically predicted fornE™¢")=A sin(29')+Bsin(49). ()
Table | that y@) -+ @) 2 @ %EPP vs ¢ for YBa,Cu;0; at §'=30° (squares and at ' =50°

axzxz" Xqyzyz Xqzxzx~ Xq,zyzy~ g((f;x_ gglz,gy (circles. The uncertainty ing is =2° and the uncertainty in the

=0. THz field amplitude is=0.3. The resultant fits to the dataolid

The absolute strength of the emission can be directlyiney are EPA9'=50°¢)=1.86cos(4p)+2.7, and EPH¢’
compared to bulk electridipole y? emission from material =30°,¢)=1.26cos(4p)+2.6}. The form of the two sets of data
lacking inversion symmetry such as Irixcited above the matches to within the uncertainty of the measurements.
band gap by measuringe"® from both semi-insulating InP
and YBaCu;0;, excited under the same conditions. By mea-output(¢=45° for InP and$=22.5° for YBaCu,0,). The
suring S-detected emission we detect THz emission duewvaveforms have the same dispersion shape, but the ampli-
solely to optical rectification, since we avoid detecting THztude of the InP emission is 12 times larger than the
radiation from InP produced via carrier acceleration in theYBa,Cu;O; emission. This is an unexpectedly large value
depletion field. In both cases the incident angle 50°, for electric quadrupole/magnetic dipole emission, since typi-
while the azimuthal anglep is set to maximize the THz cally such a field is expected to be smaller than a dipole field
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TABLE Il. Values of the material parameters used in the model to calculate the THz emission: the
complex dielectric constant;, the dc conductivitys;, and the relaxation time; in each of the three
crystallographic directions,=a, b, andc. In the first column the values of these quantities for YB&0,
single crystals from Ref. 9 are given, while columns 2 and 3 list these quantities foyCuffa, and
YBa,Cus0; 5 thin films, respectively, as determined by the fit of the model to our data.

YBa,Cus0; crystal (Ref. 9 YBa,Cuz05 film YBa,CuOg 5 film
£, 3.03+1.79 3.04+1.84 3.06+1.84
£p 0.51+3.49 0.52+3.45 0.55+3.40
g¢ 3.47+4.41 3.47+4.41 3.45+4.42
0a,0p,0¢ (V) 0.76, 1.65, 0.046 0.63, 1.70, 0.152 0.52, 1.73, 0.159
TarTh,7c (V™Y 2.00, 1.65, 1.00 2.03, 1.61, 1.00 2.06, 1.56, 1.01
by a factor ofka=10"2-10"2, wherek is the visible wave In this model the THz emission is calculated assuming a

vector anca is an atomic dimension. This large magnitude of Winned crystal with orthorhombic symmetry. Twins with
electric quadrupole/magnetic  dipole  emission frominterchanged andb axes, wheré is the chain direction and
YBa,Cu,0,_ 5 probably results from the fact that the origin 218 the other in-plane dlrec'glon, are assumgd to occupy gqual
of the nonlinearity is free carriers in YBAuO,_s but  &réaon the sample. The dielectric tensor is complex, diago-
bound or photoexcited carriers in InP. The fact that the ambal in the orthorhombic basis, and is specified at each fre-
plitude of the emission from underdoped YBayOgs is  dUENCY® by three complex .numbers. For a given incoming
roughly three times smaller than the emission fromWave, we solve for the amplitude of the reflected and the two
YBa,Cus0; provides further evidence that free carriers aredistinct transmitted waves, each with its own compk;%
responsible for the nonlinearity which causes the emissiorB€cause of the boundary conditions, the componentsiof

since this underdoped sample has fewer free carriers thdfi® @0 plane are real for the transmitted waves. The film is
YBa,Cu:0;. assumed to be much thicker than an optical depth.

We assume that the linear free carrier respaaselc and
at ) is described by the anisotropic Drude formudg(w)
=né’r,/[m,(1—iwT,)], where v indicates thea, b, or c

The observed THz emission can be explained in terms offirection. This form of the conductivity results in linear dis-
the material properties of YB&u;O,_ 5. To first order, the placementsc,:
electric field of the incoming light causes the free carriers in _ _
the film to oscillate at a frequenay. There are two types of X =ier, B /lom,(1-iwT,)], (3
second-order responsds) The free carriers with a nonzero
velocity v(t) = dx(t)/dt from their first-order response inter- wherej=1 and 2 for the two transmitted electric fields. Us-
act with the magnetic field of light and experience an addiing Egs.(2) and(3), we calculate the electric quadrupole and
tional force F(t), proportional tov(t) X B(t), that leads to Magnetic dipole THz current, including the cross terms be-
emission.(b) The carriers have a displacemextt) from  tween the two doubly refracted beams. Despite the S|mpI|C|ty
their first-order response. K(t) is not orthogonal to the Of this model, 12 real numbers are required to specify the
wave vectork, there is a correction to the electric field ex- emission(the complex dielectric constaat, the dc conduc-
perienced due to the evifa(x) spatial dependence of the tivity oj, and the relaxation time; in each of the three
electric field. Note that the material must be anisotropic forcrystallographic directions,=a,b,c).
the displacement to have a component parallel fo The To compare the model with our data we use the experi-
magnetic dipole(a) and electric quadrupoléb) processes Mentally determined paramet@fsr crystals of YBaCu,0,
lead to emission at@ andw~0. We observe the latter low- 9given in Table I, column 1, and calculate the resultant peak-
frequency process that leads to emission in the THz freto-peak THz field amplitude foE"", ESF, EPS, and E®S,
quency range because of the width of the incoming opticaversus azimuthal angle. The calculated THz emission ex-
pulse. The second-order force on a free carrier at frequendyibits many of the same features as the emission (@aga 2)
w~0, due to both the electric quadrupole and magnetic dibut is not in quantitative agreement with that data. To obtain

IV. MODELING

pole effects, is quantitative agreement between our data and the model we
vary the material parameters. Specifically, ffe(the sum of
F=—(e/2)8,58,,Im[(x;* +x5*)(ksES+k5E2)], the squared deviationdetween our measurements of the

(2)  peak-to-peak THz field amplitudes™, ESP, EPS and ESS
and the model is minimized by descending the gradient in
) X i the 12-dimensional parameter space starting with this initial
fields Ofl the t‘z"’o transmittedthrough double refraction  ge¢ of parameters. The calculated THz emission using opti-
w?ves,kﬁzandkﬁ are the c;)mplekvegtors corresponding 10 mized parameters in our model is plotted in Figa)4for

E, andE7, andx, andx; are the linear charge displace- YBa,CwO,, and Fig. 4b) for YBa,CusOg 5 (solid curves,
ments due to the respective electric fieldg,”* is the com-  along with the experimental datpoints. The values of the
plex conjugate ok, 8,4 is the identity matrix, and there is material parameters resulting from this optimization are
an implied sum over repeated indices. given in Table Il along with the values from Reference 9

wheree is the electron charg&? and E2 are the electric
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FIG. 5. Emission efficiency vs temperature for a 60-nm-thick
YBa,Cu0; film (T.=85K), excited atf=50°, ¢=0° (solid
circles, fractional uncertainty=5%), and ¢=45° (solid dia-
monds, the fractional uncertainty #s15%), and for a 300-nm-thick
YBa,CuyOg 5 film (T,=55K), excited atd=50°, ¢=0° (open
squares; the fractional uncertaintyi%). The emission has been
corrected for the temperature-dependent THz absorption.

measured on untwinned, single crystal ¥8a;0,; samples
using linear spectroscopic techniques. The fit shown in Fig.
4(a), using the parameters given in the second column of
Table Il is 24 times bettefas measured by?) than the fit
obtained with the single crystal parameters of Reffist
column of Table I}. The fit in Fig. 4b) is 16 times better.
The difference between the calculations and experiment may
be due to the inadequacy of the assumption of a Drude con-
ductivity, especially at 1.5 eV.

A comparison of the measured THz emission for
YBa,Cu;0; (pointg with the calculated emissiortsolid
curves in Fig. 4(a) yields good agreement except for the
amplitude ofEPS, while a comparison of the measurements
for YBa,CusOg 5 With the calculation$Fig. 4(b)] shows bet-
ter agreement for theS-detected emission than for the
P-detected emission. The only parameters that changed sig-
nificantly during this optimization were the dc conductivities
o;; other parameter&omplex dielectric constants at 1.5
eV, and the relaxation times;) all changed by less than
10%. Significantly higher values for theaxis conductivity
are found,o.=0.152 eV for YBaCu;O; and o.=0.159 eV
for YBa,Cu;Ogs5, as compared to the value o
=0.046 eV from Ref. 9. A higher value for the ratio of the
chain to plane conductivities, /o, results from this data

FIG. 4. Calculated peak-to-peak THz emission using optimized/ith @ ratio of 2.7 for YBaCu;0, and 3.3 for YBaCuOgs,
parameters in our modeolid lines and measured peak-to peak @S compared to 2.2 for YB&u;O; from Ref. 9. This appar-

THz emission(pointg for YBa,Cu;0; (a) and YBgCusOg 5 (b) vs
azimuthal angleg. For (a), the uncertainty ing is £2°, and the
uncertainty in the THz field amplitude i50.3. For(b), the uncer-

ent discrepancy may be caused by the difference in conduc-
tivities between untwinned single crystals and twinned thin
films. We further note that the anisotropic conductivity can-

tainty in ¢ is =2°, and the uncertainty in the THz field amplitude is nNot be determined in twinned samples using linear transport

+0.6.

measurements.
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V. TEMPERATURE-DEPENDENT EMISSION to an enhancement in the real conductivity bel®otv° An-
other possible explanation is that aboVg, the supercon-
ducting phase correlations are finite in space and tiié.

characterized over the range of temperatuies4 K<T An enhancement of the conductivity for temperatufesich

<300K, where the films change from superconductors tc{hatT —T<T* was observed in both dc and THz conduc-
correlated metals. Since the absorption of THz radiation in; ¢

. . tivity measurements in underdoped cuprdfe¥.Such an in-
creases enormously below the superconducting transition

S crease in the real conductivity foFc<T<T*=180K in
temperature, we measure THz transmission at each temper@- : ; . o
Ba,Cu;0g 5 Would result in an increase in the THz emission

ture, and use these data to calculate a THz emission effi- g,
ciency that is independent of the absorption. In Fig. 5 we plof)ver that temperature range, as observed in Fig. 5.
the temperature dependence of this emission efficiency for

YBa,Cu,0; at ¢=0° and 45°(maximum and minimum VI. CONCLUSIONS

emission angles as well as for YBgCu;Og 5 at ¢=0°. For In conclusion, we report the observation of THz emission
YBa,Cu;0; the emission exhibits the same behavior for bothfrom unbiased thin films excited by 1.5-eV, 150-fs pulses.
values of¢: It is roughly constant between 300 K and the This emission is characterized for optimally dopetk 0,
superconducting transition temperatirg=85K, where it g, underdoped$= 0.5 films, over a range of temperatures
abruptl_y increases, leveling off at low temperature to a valuer 4 Kk<T<300K, where the films change from supercon-
65% higher than that measured for the normal state. Thgyctors to correlated metals. We demonstrate that this emis-
YBa,Cu,O; data in Fig. 5 fit reasonably well to a two-fluid sjon is generated by optical rectification due to the bulk elec-
model usingTc=85K, and yield a ratio for superfluid t0 {ic quadrupole and magnetic dipole source terms,
normal emission efficiency of 1.65. comprising what we believe to be the first observation of
A simple two-fluid model describes the temperature desych a source term in THz emission. A model of this emis-
pendence of the emission from YRaOg s less well. The  sjon, assuming that the nonlinearity results from transport of
temperature dependence of emission from XB8&0s 5 €X-  carriers with different masses and relaxation times in the
hibits a similar but slightly different behavior than three crystallographic direction, is consistent with the data. A
YBa,CwO; in that the emission is constant froM=300 to  fit of the data to this model yields values for the anisotropic

180 K, then increases slowly but monotonically down tomasses and relaxation times in Y&BaxO,_ 5 thin films.
Tc=55K, where it abruptly increases, peaking at low tem-

perature to a value twice as large asTat300 K. Such be-
havior is consistent with the opening of a spin gap in the
underdoped material at 180 K. If the normal carriers couple We acknowledge several helpful discussions with T. F.
strongly to spin fluctuations in these materials, then theHeinz. This research was supported through the Los Alamos
opening of the spin gap at a temperatdre should be ac- Directed Research and Development Program of the U.S.
companied by an increase in the scattering time, giving ris®epartment of Energy.

The temperature dependence of the emissiBA™)( is
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