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Vacuum Squeezing of Solids: Macroscopic Here, Q, IS the amplitude of the phonon of 

Quantum States Driven by Light Pulses 
frequency R, and wave vector q, P, 1s the 
associated canonical momentum, F 1s the 
magnitude of the electrlc fleld, 9 = 

G. A..Garrett, A. G. Rojo, A. K. S O O ~ , *  J. F. Whitaker, R. Merlin? C,,T,,e,e,, T,,(,) IS the second-order ., . , ., 
adility tensor associated with ~ a m k  scat- 

Femtosecond laser pulses and coherent two-phonon Raman scattering were used to tering (RS), and e = F/F is a unit vector 
excite KTaO, into a squeezed state, nearly periodic in time, in which the variance of the (for clarlty, we omit the phonon branch 
atomic displacements dips below the standard quantum limit for half of a cycle. This index). Equation 1 describes an effective 
nonclassical state involves a continuum of transverse acoustic modes that leads to interaction between two phonons of oppo- 
oscillations in the refractive index associated with the frequency of a van Hove singularity slte momenta and two photons and reflects 
in the phonon density of states. the quadratic term in an expansion of the 

electronic susceptibility In powers of atomic 
displacements (1 0). 

T h e  generation of the snueezed state is 
Squeezing refers to a class of quantum me- crystal, KTaO,, wlth an ultrafast pulse of best unierstood at  telnperatllre T = 0. Let 
chanical states of the electromagnetic field light. The nleasurements were oerfortned E denote the oulno field, and consider the 

L L 

and, more gel;erally, of hartnonli oscillators wYth the standard pump-probe sktup (Fig. assumption, valid in our experiments, that 
for which the fluctuations in two conjugate 1 ) .  Second-order coupling of the photons the period of the relevant phonons is large 
variables oscillate out of phase and become with the lattice vibrations [specifically, compared with both the time it takes for 
alternatively squeezed below the values for transverse acoustic ( T A )  modes] amounts the pulse to cross the sainple and the 
the vacuum state for some fraction of a cycle to an impulsive change in the phonon fre- optical pulse width T ~ ,  that is, we ignore 
(1).  Thus, a squeezed electromagnetic field quency that gives rise to squeezing; this the dependence of the field on  positlon 
provides a way for experimental measure- mechanism is closely related to that used to and approxitnate F' = E2(t)  = (4~1 , , /  
Inents to overcome the standard quantum generate two-photon coherent states in n,c)S(t) in E q  1 ( lo is the integrated 
llnlit for noise imposed by vacuum fluctua- quantum optics (7). We monitored the intensity of the pulse, n, is the refractive 
tions. As such, the generation of squeezed squeezed state by measuring the transmis- index, c is the speed of ;he light, and 6 is 
llght 1~1th  various nonlinear processes has sion of a second (probe) pulse that 1s sensi- the Dirac delta function). Then,  if $4 is 
attracted much attention as a means of re- tive to changes in the refractive index aris- the wave function (the ground state) of a 
duclng noise in optical interferometry and ing from the modulations in the mean given mode at t = 0- immediately before the 
light-communication networks (1 ). square displacement of the atomic posi- pulse strikes, integration of - the Schrod- 

Following the work on photons ( I ) ,  a tions. Our state comprises a continuunl of inger equatlon gives the wave function at 
varlety of intriguing proposals were put for- modes, but the probe transmission is domi- t = 0+ 
ward dealing with squeezed states of other nated by a single frequency associated with 
bosons-part~c~larly those associated with a van Hove singularity in the phonon den- 
atomic vibrations In ~nolecular 12) and con- sitv of states. ( 2 )  

, , , " I 

densed-matter systems (phonons) (3)-as The  Hamiltonian relevant to our prob- 
well as polaritons (4) .  In addition, squeezed lem is H = Xq(Hq - LT,), where Hq = (Pi  where Eq = (7il-$?/2cnRRq) and f i  is 
phonons were considered in variational ap- - Ri Q i  )/2 is the harmonic contribution Planck's constant dinded by 2 ~ .  It follorrs 
proaches to the ground state of strongly to the lattice energy and (8, 9) that (Q,(t)) = 0 (the brackets denote ex- 
correlated electron-phonon problems (5). pectation value). We use the equation of 
Here, we reoort an ex~erimental  demon- 1 motion for 05 and the initla1 conditions 

L' = - -  - L i  

stration of phonon squeezing in a macro- , ,? (q)F'Q: ( 1)  from Eq. 2 to obtain the variance 
scopic system (6). We have generated a 
squeezed mechanical state by exciting a 

Fig. 1. Schematc snapshot 
G. A. Garrett, A. K. Sood. % Mern.  Center for Ultrafast diagram of the experiment 
Optcal Scence. Universit\! of Michiqan, Ann Arbor Ivl (not to scale). The stronaer 
48109-2099 and Depannent of ~ h y s c s  Un\/ersty of pump pulse drives the Probe 
Ivlchgan Ann Arbor MI 48109-1 120 USA ple Into an exclted tlme- 
A G Roo Department of Phvscs Un\/erslty of M c h -  
gan Ann Arbor MI 481 09-1 120 USA vawlng state which per- Laser 
J F 1 Ihtaker Center for Ultrafast Optcal Scence U n  brbS the weaker probe 
verslty or Mchyan  Ann Arbor Ivl 48109-2099 USA pulse that follows behlnd 

Sample 
"On leave fror- Department of Pnyscs Indan lnst~tuie of Here' the 'lgnal Of I n t e r e s t  Is 

Scence Bangalore 560 012 n d a  the transmtted ~ntensty of the probe beam as afuncton of the tlme delay T as measured by the relatlve 
+To v!hor- correspondence should be addressed. dstance between the two pulses. 
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Here, dq = (1 + 2% ) and tan(cpq) = -Q. 
The time evolution of Jrq can be represent- 
ed by a variance trajectory (Fig. 2A), which 
shows squeezing similar to that obtained for 
the electromagnetic field in two-photon co- 
herent states (7). As in the latter case, the 
motion described by Jr has no classical an- 
alog (1 1, 12). Parenthetically, we note that 
the same method can be used to reduce 
thermal noise, other than quantum fluctu- 
ations (Fig. 2B) (13). Classically, the equa- 
tion of motion is 0 + = 
2Qf&Qq6(t). Thus,. Q,(B+) = Q(0-), 
whereas Qq(O+) = Qq(O-) + 2QaRq(O). 
It can then be shown that the isotropic 
equilibrium distribution becomes an ellipti- 
cal one that rotates at twice the harmonic 
frequency (1 3). 

The previous discussion centered on the 
behavior of an excitation of a well-defined 
wave vector. However, our experiments 
concern themselves not with single phonon 
but with real-space squeezing involving an 
average over all of the modes. Here, we use 
the fact that the wave functions of the solid 
as a whole are q- = lI,+; (t < 0) and 
0+ = no+,+ (t > 0) to calculate the 

mann's constant) is verv small com~ared 
with the van Hove phonon energies. 

The data were obtained from a -3 
mm x 10 mm x 0.5 mm single crystal of 
KTa03 oriented with the [OOl] axis perpen- 
dicular to the large face at 10 K (15). As a 
light source, we used a mode-locked Ti- 
sapphire laser providing pulses of full 
width -70 fs centered at 810.0 nm at a 
repetition rate of 85 MHz and an average 
power of 60 mW focused to a 70-~mdiam- 
eter s ~ o t .  S~ontaneous RS measurements 
were recorded in the backscattering config- 
uration with 30 mW of a continuous-wave 
Ti-sapphire laser also tuned to 810.0 nm, or 
an Ar laser operating at 5 14.5 nm (1 6). 

The scattering of the probe pulse by the 
squeezed state relates to the nonlinear polar- 
ization PyL = Zj$ E: (t). Here, E' is the 
probe field, xf = ( z J ) -~z ,~~~(Q;  ) is the 
second-order Raman susceptibility, and V is 
the scattering volume. Consider a Gaussian- 
shaped probe pulse of width T, centered at 
frequency oo, that is, Ei(u) a exp[-(u2/ 
2~~)]cos(w~u), with u = t - T (T is the time 
delay between the pump and probe pulses). 
Using well-established results for coherent 
phonons (1 7) and in the limit 5, + 0, which 
is relevant to the experiments, we obtain the 
T dependence of the normalized change in 
the probe transmission at frequency o . . 

variance 
Ag ~ ~ F T ~ W ( W  - Wg) --- 

(4) 
9 . nRcV 

I 4 x 9'(q)a&(@(o))cos(2aq~)exp(-2a:~;) 

which provides a measure of the squeezing 
(14); u(1) and M(1) are, respectively, the 
deviation from equilibrium and the mass of 
the lth atom in the unit cell, N is the 
number of unit cells, and M, = ZIM(l). 
Because (Qi ) depends only on the mode 
frequency, u-space squeezing pertains to the 
phonon density of states, that is, the char- 
acteristic freauencies for (%') are those of . , 
van Hove singularities where the phonon 
density is large. Thus, the zero-temperature 
description is an accurate representation of 
experiments performed at temperatures for 
which kBT (the thermal energy; kB is Boltz- 

4 

(5) 

where 9' = ZV9#eJ ej and ef = E'/Ef. Using 
Eqs. 3 to 5 and neglecting the weak depen- 
dence of 8 on q, we obtain a(QZ)/at a ATIT. 
~ c c o r d i n ~ f ~ ,  the integral of ATIT probes the 
variance (Q2), which measures the strength of 
the squeezing. The proportionality constant as 
well as (Q2(0)) can be unequivocally deter- 
mined from our measurements. 

Time-domain results are shown in Fig. 
3A. The Fourier transform %FT('R) = 
$(AT/T)cos(fl~)d~ (Fig. 3B) is dominated 
by a narrow peak, strongly dependent on 

lie on the hype&ola (dashed r . . . ; . . . , . . . l  
curve). (B) Classical phase- 1 .O A Q 

Fig. 2. (A) AP = (P(t))ln ver- 
sus AQ = (@(t))lE in u n b  of 
(W2)ln and (fJ2n)ln, re- AP 
spectively. Dots denote val- 
ues immediately before (t = 
0-) and after (t = 0+) the 
pulse is applied. The circular 
arc is the trajectory for t > 0. , .o Shaded regions represent 
quadrature-squeezed states. 
Minimum-uncertainty states 

space diagrams showing the 
circular (t < 0) and elliptical (t > 0) noise distlibutions. 

. A y-- 
' 

' 

t =  o '-.. 
.--_ _ _  

temperature, that appears very close to 
twice the frequency of the TA mode at the 
X point of the Brillouin zone, as measured 
by neutron scattering (18). On the basis of 
this peak and the comparison between the 
'timedomain (Fig. 3B) and the spontaneous 
RS measurements (Fig. 3C), we ascribe the 
structure to the 2TA overtone. The sharpness 
and strength of the 2TA peak reflects to 
some extent the flatness of the phonon 
dispersion near the zone boundary (18, 19). 
For a given irreducible component, it can 
be shown from previously derived expres- 
sions (8,9) that %,(a) a S(fl)exp ( - a 2 ~ $  
2)/C(2n), where .%(a) is the second-order 
RS cross section and C(a )  = (fi/2R)[1 - 

Frequency (Tk )  

Fig. 3. (A) Normalized transmitted intensity of the 
probe pulse as a function of the delay for the 
A,,-symmetry configuration. (B) Fourier transform 
of the time-domain data. (C) Weighted second- 
order Raman cross section 9(n)exp(-n2rd2 2)/ 
C(2n) obtained at 810.0 nm. 

0 1 2 3 

Time (ps) 

Fig. 4. Experimental time dependence of the 
squeezing factor Y = 1 - [(@U2(t))/(%2(0))]1n at 
integrated pulse intensity I, = 19 pl/cm2. (Inset) 
Amplitude of Y as a function of I,. 
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exp(—Ml/JcBT)]-1. The comparison between 
Figs. 3B and 3C indicates that this theoretical 
prediction is in reasonable agreement with 
the experimental data. However, there are 
significant differences concerning the line 
shape that are not understood. 

To further support our interpretation, as 
well as to provide a quantitative estimate of 
the variance (°il2), we obtained the absolute 
RS cross section by comparing KTa0 3 with 
the standard CaF2 using the 514.5-nm laser 
line. From these measurements, if we ignore 
the dependence of the polarizability on the 
wave vector, we find that for the A l g com
ponent, fn = $>22 = ^33 = a = (6 ± 2) 
X 1015 cm/g, which compares favorably 
with the value a = (4 ± 1) X 1015 cm/g 
that we obtain from the pump-probe exper
iments using Eqs. 3 and 5. From these val
ues, we determine the proportionality con
stant relating d(°U2)/dt to A2T/2T, and from 
the spontaneous RS measurements (20), 
we obtain (°U2(0)), which corresponds to 
the standard quantum limit AP = HAQ 
= (frfl/2)1/2. Combining these results ana 
integrating A2T/2T, we get <°U2(t)>/<°lt2(0)>. 
In Fig. 4, we plot £f = 1 - [<°U2(t)>/ 
<°ll2(0))]1/2, which is referred to as the 
squeezing factor (21); u-squeezing corre
sponds to ^ > 0. We notice that, for £ <C 
1, Eqs. 3 and 4 predict that ^ ( « 1) 
should be proportional to the pump energy 
density J0. This prediction is well obeyed 
for densities in the range I0 ^ 5 to 20 
fjij/cm2 (Fig. 4, inset). 
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set of ligands that are tethered to the cell 
surface either by a glycosylphosphatidyl-
inositol (GPI)-anchor or by a single trans
membrane domain (1-4). GPI-anchored li
gands and their preferred receptors have 
recently been implicated in establishing to
pographic projections in the chick retino-
tectal system and in early patterning events 
of zebrafish and Xenopus brains (5-8). Two 
Eph receptors, Nuk/Cek5 (9, 10) and Sek4 

Tyrosine Phosphorylation of Transmembrane 
Ligands for Eph Receptors 

Katja Bruckner, Elena B. Pasquale, Rudiger Klein* 

Axonal pathfinding in the nervous system is mediated in part by cell-to-cell signaling events 
involving members of the Eph receptor tyrosine kinase (RTK) family and their membrane-
bound ligands. Genetic evidence suggests that transmembrane ligands may transduce 
signals in the developing embryo. The cytoplasmic domain of the transmembrane ligand 
Lerk2 became phosphorylated on tyrosine residues after contact with the Nuk/Cek5 
receptor ectodomain, which suggests that Lerk2 has receptorlike intrinsic signaling po
tential. Moreover, Lerk2 is an in vivo substrate for the platelet-derived growth factor 
receptor, which suggests crosstalk between Lerk2 signaling and signaling cascades ac
tivated by tyrosine kinases. It is proposed that transmembrane ligands of Eph receptors 
act not only as conventional RTK ligands but also as receptorlike signaling molecules. 

1640 SCIENCE • VOL. 275 • 14 MARCH 1997 • http://www.sciencemag.org 

mailto:Klein@EMBL-Heidelberg.de
http://www.sciencemag.org

