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Design strategies for pulse sequences in multidimensional optical
spectroscopies
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A unified description of resonant multiple-pulse experiments in coupled Sspirstems in NMR
spectroscopy and two-level systems in optical spectroscopy is presented. The connection between
the NMR product operator formalism and the Liouville space pathways in optical spectroscopy is
established. We show how the information obtained in various strong field two and three pulse NMR
experiments can be extracted by combining heterodyne detected phase-controlled weak field signals
generated at different directions. These results allow the design of sequences of weak optical pulses
that accomplish the same goals as strong field multidimensional NMR spectrosco@3001©
American Institute of Physics[DOI: 10.1063/1.1391266

I. INTRODUCTION time delays in a pulse sequence are varied and the decision
Multidi ional NMR ‘ has b | which delays are varied should be based on the desired in-
utidimensiona’ Spectroscopy has been a valu~, ation and on a more detailed knowledge of the system
able and well established technique for over two decades. Eat is studied

allows us to probe structure and dynamics of molecules in . . :
. ; : ) ) ; The common way in which a 2D NMR pulse sequence is
great detail by manipulation of spin coherences in multiple . o ) .
resented involves four distinct blocks: preparation, evolu-

pulse sequences, exploiting spin—spin interactions througﬁon, mixing, and detectiolf The detection period yields one
chemical bonds or directly through spdceOptical spec- . g ) . ) ) .
ry_me domain and incrementing the evolution period yields

troscopy has only recently reached a state where similar co the other time domain. The preparation sequence contains all
trol over vibrational or electronic coherences is possible. ) prep q

This is due to the much shorter timescales involved that rePU!Ses that are applied to the system before the first time

quire ultrafast pulse techniques to perform coherent multigidomain which is incremented in consecutive experiments.

mensional optical spectroscopy. Pulse shaping and phadd'€ time delays between pulses in the preparation block are
control of femtosecond pulses has been experimentallff©t changed and can be optimized to prepare the spin system

achieved over the last few yedrShese ultrafast pulses have N & specific initial ponequilibrium state. Similarly, the mix—
been used in various recent experiments to achieve multind Séquence consists of all pulses between the evolution and
dimensional laser spectroscopy and the control and manipdt€ detection period and is also fixed. It serves to map the
lation of vibrational and electronic coherenéed? The the-  coherence pattern that evolved during the evolution period
oretical description of optical multiple pulse spectroscopymto a different pattern at the beginning of the detection pe-
was deve'oped in para”e| with the experimenta' techniqueé:iod, thUS reVeaIing Correlations in the SyS'[em that iS Studied.
The treatment of weak pulse experiments in terms of Liouln the simplest cases, preparation and mixing can consist of
ville space pathways has been successfully applied to pro-only a single pulse each. However, these simple techniques
pose new third- and fifth-order spectroscopieAn alterna- ~ do not directly yield information about the system that would
tive description of third-order spectroscopy is given by thenot be accessible by series of 1D experiments. The full
Nonlinear Exciton Equations that allow to describe the nonfower of 2D NMR becomes apparent if preparation and/or
linear response of large aggregates of strongly coupled thre@ixing consist of multiple pulses, creating and manipulating
level systems>!® These theoretical methods vyield directly coherences in very specific ways, thus uncovering spin—spin
the nth-order response function which can be convolutednteraction topologies.

with n arbitrary envelopes of weak pulse fields to give the  Multidimensional spectroscopy is usually carried out on-
signal for anyn-pulse experiment The calculation of the resonance. This simplifies the theoretical description consid-
response function is typically rather involved due to its gen-erably since only few of the Liouville space pathways con-
erality. An nth-order heterodyne experiment involves thetributing to the nonlinear response functions dominate the
control of n time intervals and thus constitutes an response and should be retained. The theoretical tool devel-
n-dimensional(nD) spectroscopy’ One is typically inter- oped to describe resonant multiple-pulse NMR spectroscopy
ested only in a comparatively low dimension@D, 3D) is the product operator formalistPOBP.>*° In the POF all
spectrum even if many more pulses are used to manipulatsulses are assumed to be resonant and are described as map-
the coherences. This means that only a few of the possiblgings acting on an initial density matrix and yielding a trans-
formed density matrix. The density matrix itself is expanded
3Electronic mail: chris@feynman.chem.rochester.edu in a basis of spiry product states in which the action of
DElectronic mail: mukamel@chem.rochester.edu pulses is especially simple to describe. The transformation
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rules are given for all possible basis states. Similarly, theoptical three-pulse experiments in close analogy to NMR and
action of the free evolution Hamiltonian in the we@gotro-  identify optical weak field techniques that contain the same
pic) J-coupling limit, where the spin—spin coupling is information as their NMR analogs. Appendix A summarizes
smaller than the transition frequency differences, is alssome useful operator identities and properties to set the stage
given in the form of transformation rules that contain thefor the description of two-level systems. In Appendix B we
evolution time as a parameter. This formalism yields a vensurvey in some detail the description of a single spin-a
compact and efficient analytic description of pulsed experiimagnetic field side by side with the analogous description of
ments that has been the basis of most pulse sequence devaltwo-level system in optical spectroscopy to make it easier
opments in liquid state NMR. The situation in optical spec-to pinpoint the similarities and differences between both
troscopy is more complicated than in NMR for the lack of atypes of spectroscopies. Finally, Appendix C contains closed
Hamiltonian that is as general and universally valid as theexpressions for the optical response of an ensemble of
spin4 Hamiltonian of NMR. Yet the success of the POF weakly coupled two-level systems to a three-pulse sequence.
makes it desirable to have a theoretical tool that is similar in
its versatility for pulse sequence development in optical
spec.troscopy..The use of transformation rules for the density pARAMETRIZED HAMILTONIAN EOR COUPLED
matrix evolution has several advantages over other apspiNs OR TWO-LEVEL SYSTEMS IN AN
proaches. It provides more insight into the generation of the&exTERNAL FIELD
spectroscopic signal and its dependence on the system
Hamiltonian than purely numerical simulation schemes, An optical two-level system labeled is characterized
since it yields an analytic expression for the signal that deby its transition frequency,=E,—E;, (we use units in
pends on the Hamiltonian parameters. It also allows avhich 7i=1) between the two states under consideration
straightforward implementation of the algebraic transforma{|2) and|b)) and by the matrix elements of the dipole op-
tion rules in computer algebra codes, making it easier teratorP, i.e., the static dipole momenjg®=(b|P|b) and
handle more complicated pulse sequences. /uaz(a|l5|a> and the transition dipole momenpu?®

The closest analog to spNMR is optical spectros- =(a||5|b)=<b||5|a)*. Each of these matrix elements is
copy of coupled two-level systems. These can be realized fc{ﬁiven by a three-dimensional vector withy, andz compo-
electronic transitiongvisible) or, approximately, for strongly nents in a properly chosen coordinate system. The diagonal
anharmonic vibrational transitiongnfrared. Ir_1 this paper _elementsu® and 2 are real due to the hermiticity &f while
we develop t.he necessary operator mappings to descrque transition dipole moment can, in general, be complex
resonant optical multiple pulse spectroscopy _ of_ _Weaklyvalued and we therefore defin€®= ' +i ',
choupled two-level systgms and study the similarities and The most general form of the dipole operator for a two-
differences between optical spectroscopy of two-]ev_el SYSevel system is therefore given by
tems and NMR spectroscopy of spjrsystems. Our aim is to )
show which coherence manipulations commonly used in 4= 3(#?+ p°) 1+ (p— p®) I+ p'l+ gl (1)
NMR can bg performed by weak optical fields. This includ_eswhere&' l,, andl, are spin operatorgPauli matrices, see
phgse cycling and goherence transfer p.athway Se_|ECt'°’Appendix A and we have usegt to denote the dipole op-
which are effects achievable by macroscopic observ_atloq angrator acting on the space §b),|a)} in analogy with NMR
therefqre é:losely. related to'phase-matchln.g and d're‘:t'_on%rminology(see Appendix B In this equation aljx with a
detectiort:” We will not consider strong optical pulses with syperscript denote ordinary three-dimensional vectorszand
finite flip angles™ but rather develop a formalism for the s a vector of three 2 2-matrices. In terms of creation and

in laser spectroscopy affect the vibrational dynamics of the

systems studied. This can be used to control the dynamics. In  #~ H((p*+p”)[B'B]. +(u*— u*)[B',B]

NMR, strong' fie[ds oply affect the spin dynamics and due to +u'(BT+B)—im(BT—B)), )

the weak spin-vibrational coupling and the low pulse ener-

gies it is possible to observe unperturbed native moleculaphere the creation and annihilation operatBfsandB sat-
dynamics with strong fields in this case. To obtain similariSTy the Pauli commutation relationship given in Appendix A.
information from laser spectroscopy we resort to weak fieldeduation(2) can be recast in the more compact form
techniques. We will first compare the .Hamiltonian of WeaKIy pu=p*BB+ uPBBT+ 1 u2°B+ 3 ub2BT. (3)
J-coupled two level systems for optical spectroscopy with o )

the commonly used liquid state NMR Hamiltonian. We then ~ 1he Hamiltonian symmetries and therefore the symme-
derive the necessary transformation rules for an operat&Fy of the state:ib)' and|a) d.eterr'nllne. the propernes q,i'
treatment of optical spectroscopy in the weak field limit inand lead to considerable simplifications in the following
analogy to the POF. Subsequently, we give a brief overvieWf#3Ses-

of some key ideas in 2D NMR and present important simple For stategb) and|a) with well-defined and the same par-
NMR pulse sequences: COS2D correlation spectroscopy ity, only u2°+0, while u°= u2=0.

NOESY (2D Nuclear Overhauser Effect spectrosco@D ¢ If the Hamiltonian has rotational symmetry about one axis,
exchange spectroscopy, and double quantum spectroscopysay thez-axis, thenM is a good quantum number apd®
Based on the operator transformation rules we can describeis a complex vector for transitions withM = = 1. Other-
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wise the stategh) and|a) can always be represented by The full Hamiltonian for a system of coupled two-level sys-
real wave functions ang®®= u' is a real vector. tems in an external field is obtained by adding an interaction

In NMR all spins align with respect to the external field and Hamiltonian:

the magnetic moment depends isotropically on the spin. The

magnetic moment operator of a sgirsystem contains there- Her= > Hart 2 HSP. (11

fore only one parametdrather than four three-dimensional ¢ ap

vectorg and is given b§*?* The most general interaction between two two-level systems

- a and B can be described by a tensérthat couples the

p=yI=v(ehtelyTel,), @ Vector operators, andTg,

wherevy is the gyromagnetic ratio arg}, e,, €, are the unit HeB—T .3 1 (12)

vectors in thex, y, andz directions, respectively. Due to the J T laTYap B

high symmetry, the spig-system is more closely related to The indirect, electron-density mediated, coupling between

an atomicsptransition in a strong electric field rather than to nyclear spins in a molecule has this general form since the

transitions in molecules. Equatidd) can also be recast in electron density of a molecule is anisotropic. In a liquid, the

terms of theB, B operators, fast (on the NMR timescalerotational reorientation of the
¥ molecule with respect to the external field averages the ten-
I-L:E((ex+iey)B+(ex_iey)BT+eZ[BT!B])' (5) sor J and reduces it to the isotropic indirect coupling in

which case the averaged coupling tensor is given by the trace
The general Hamiltonian of a single two-level systenin  of J times the identity matrix,

an electric fieldE(t) is given by H§@0=Ja5(|flf+ |3|5+ Iglf) (13)

_Parpt g o _ t 1t 1rpt t
Ha_ 2 [Ba!Ba] Mg(t)! (6) _‘]aB(BaBB+ BaBﬁ+ 4[Ba!Ba][BB!Bﬂ])- (14)

The direct magnetic dipole—dipole coupling between two
spins is described by a traceless tendaf rank 1 that av-
erages to zero under fast rotational reorientation. The stan-
dard liquid state NMR Hamiltonian therefore contains in ad-
E(t)=E&y(t)cog wt—¢). (7) dition to the Zeeman term only the indirect isotropic
coupling terms. In contrast, the solid state NMR Hamil-
tonian, where no fast rotational reorientation takes place, is
Bominated by the direct dipole—dipole interaction since for
‘standard geometries this is several orders of magnitude larger
than the indirect coupling®

The NMR product operator formalism is based on the
assumption that thd-coupling between the two-level sys-
Y : W14y o tems is _weak, i.e.3 the transition frequency diﬁerences pe-

Het=5 (o= @)[By,Bal+ 5 (Bo&?+Boe7'%),  (8)  tween different spins are large compared to their coupling

|w,—wg|>[J,p]. In this case the basis of product states,

where w,=pu?"- €, is the Rabi frequenc§”® Due to the  puilt from the local spin eigenstates of the uncoupled Hamil-
RWA only the transition dipole moments are included in thetonian, is a good approximation to the eigenstates of the
coupling to the field and contributions from permanent di-coupled Hamiltonian. In this basis the dipole operator and

where € in optical spectroscopy usually is a linearly polar-
ized field with frequencyw, amplitude&y(t) and phasep
= k -r— ()D

The term in Eq(1) that is proportional to the identity opera-
tor | only causes an energy offset but no observable evolutio
and will therefore be discarded, as commonly done in NMR

The coupling to a resonant field can be described by al
effective Hamiltonian obtained by invoking the rotating
wave approximatiofRWA) (compare with Appendix B

poles are discarded. Note that in the O limit therefore the action of the pulses retains its simple local
Btel¢+Be i4=RBle i+ Bei® form.2” The isotropic coupling of two spins is given by Eq.
(13). The terms involvingll7 and I717 yield off-diagonal
((BT+B) for ¢=0 matrix elements in the Hamiltonian expressed in the product
- basis. According to perturbation theory to first orderJin
—i(B"=B) for o= ) these off-diagonal elements can be neglected if the coupling
— _ (9) is much smaller than the transition frequency difference, i.e.,
—(B"™+B) for ¢=m if the coupling is nonresonant. The general truncated weak
37 J-coupling NMR or optical Hamiltonian for an arbitrary
i(B"-B) for o= > number of spins is then given by Ed.1) combined with Eq.
\ (8) or (10) and

In NMR, the pulse fields with phases §/2, 7, and 37/2 are HoB— ] 1o1f 1
therefore commonly denotex y, x (or —x), andy (or b veplzze (15
—Yy) pulses, respectively. This convention becomes cleaEquation(15) can be alternatively rewritten in terms of cre-

when the Hamiltonian8) is expressed in Cartesian basis ation and annihilation operators as follows
operatorg?

J
. ap_"ePrnt T
HEi= (0, — )12+ w1(1% cos =12 sin ¢). (10) Hy"=—,"[Ba.BallBg.Bpgl. (16)
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This Hamiltonian forms the basis for the model calculations Go( ) =exp(—iLoT)), (22)
in the remainder of the paper. We shall also need the Hamil- - _
tonian for the free evolution between pulses. Using the samwhere exp refers to the positive time ordered exponential

approximations we have operator.®
We further decompose the total fie&{r,t) into a sum
Ho= > w,lé+ >, Jap1E18=H,+H,, (17)  of fields representing the individual pulses.
a a<p
or using creation/annihilation operators g(t)zzj: Ei(t—t)) exp —i(wjt— ;)]
(0P ‘]aﬁ
Ho=§ 7[BL,BQ]+EBT[BZ,BQ][BL,BB]- (189) +EF (1)) exifli (wt— é))]. (23)

In this model the coupling HamiltoniaH; commutes with ~ The jth pulse field in the sum is determined by its envelope
the Zeeman HamiltoniaH . This simplifies the calculations &j(t) and polarizatior{note that€; is a vectoy, its frequency

and analysis. o; and the phase;=k;-r—¢; that consists of the spatial
contributionk;-r (k; being the wave vectprand an addi-
. . 20,28 . . .

lIl. PRODUCT OPERATOR FORMALISM EOR WEAK tional arbitrary cgntrollaple phase; . Trle jth field is

OPTICAL FIELDS nonzero only during the interval from to t; + 7; and we can

) ) ) ) o ) therefore also decompodg in sums over the contributions
In this section we will derive a description of optical of the individual pulses,

spectroscopy of two-level systems subject to weak pulses in

close analogy to the POF of NMR. We will only consider )

nonoverlapping pulses which is the common case in NMR Vi=2 Vi=2 —pE(t-t)exp—i(wt—¢))

and enforce a time-ordering of the interactions of the system : J

with the electromagnetic fields. A zero delay therefore does —u-ej‘(t—tj)exr(i(wjt— ?;))- (24
not refer to overlapping pulses but to two distinct pulses

(ideally rectangularwith a time delay that is very short com- The Liouville operator); can be decomposed analogously
pared to any evolution of the system. In NMR this is com-With V;p=[V;,p]. The treatment of the free evolutiaf,
monly referred to asomposite pulsesor weaklyJ-coupled ~ during the delay periods; between the pulses is identical for
two-level systems the free evolution of the system betweeNMR and optical spectroscopy but differences between the
pulses is the same as in the POF and the formalism will thufvo arise from several facf8:**The equilibrium density ma-
allow us to describe the evolution of the density matrix analfix (initial conditior) p, is given by the high temperature

lytically, like in liquid state NMR. approximation in NMR while in optical spectroscopy it will
The evolution of the density matrix is given by the €ither contain only the global ground state of the system

Liouville—von Neumann equation (zero temperatupeor be even more complicated based on the
) eigenvalues of the Hamiltoniad,. More important are the
pi=—Ii[Hy,pd—Tpy, (19 differences in the treatment of the pulse propagation opera-

where the time-dependent Hamiltonigh=Hy+V, can be tors Gy(7;). In NMR the field wavelength is much longer
separated into the unperturbed pdgt[e.g., the Hamiltonian than the sample size and therefore there are no phase-
of Eq. (17)] and the interaction with the electromagnetic field matching conditions that have to be fulfilled. This is in con-
V.= — u- E(r,t). The relaxation superoperatbrwill be ne-  trast to optical spectroscopy where phase-matching yields

glected in most of the following discussion. The corresponddirectional responses. NMR therefore effectively corre-
ing Liouville operators are defined as sponds to th&=0 limit. The other important difference is

- . _ _ that NMR is a strong field spectroscopy while optical spec-
Lop=[Ho,p]=iTp, Vip=[Vi.pl, Li=Lo+V}. o0  lroscopy is typically carried out in the weak field regime.
(20 It is convenient to treat the pulse propagation operators
The formal solution of the Liouville—von Neumann equation ; (. i i . ~ Wi ic-
Gp(j) as effective mapplngépj.ptje P47, without explic

for a sequence af well separated pulses of durationand  jty stating their time-dependent nature and then to keep only
with delays; (j=1,...n) can be written as the time variables; for the description of the experiment. In
0= Go(7)Go(7)Gol 7 1) the strong field limit in NMR this is possible since one can
CFO I Ep InJFoR I neglect the free evolution due &, during the pulse, as long
Xgp(~7n—1)' . ‘go(Tz)ngz)go(T1)gp(~71)P0a (21 as all eigenvalues dfl, (in the rotating frame, i.e., the off-
sets from the pulse frequencware small compared to the
1 - ) ) Rabi frequency. This yields the well known expressions de-
=Zj_;(7j+7) which gives t=t,,;. The propagators scribing pulses as finite rotations in spin space with phse

where 7, is the time after the end of the last pulse and

(Green’s functionsare given by and flip-angle 6.1*° The general transformation rules are
- T summarized in Table I. In the weak field limit the free evo-
Qp(T,-)IeXFL( —ifj '/Jtdt) lution can be discarded during the pulse either for similar
f reasons as in NMR or if the duration of the pulse is short
and compared to the frequency detuning from resonance. The
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TABLE . Pulse transformation rules for spisystems in the NMR prod- troscopy. Yet it is necessary to derive transformation rules for
uct opz_erator formalism. The aqgl@mndqa denote the flip angle and pulse the action of the weak optical pulses. We have to take into
phase(in the x-y plang, respectively. account that unlike in NMR the dipoles of the optical tran-
sitions are anisotropic and have fixed orientations with re-
spect to the molecular frame. They also vary between differ-
) (cOZ ¢+ Sir?  COS) Iy + oS Sin ¢(1—Cos) I, — sin @ sin o1, ent chromqphores of the same transitioq frequency. Another
l,  cOSgSing(1-cos6) l+ (i -+cog @ cos6) |,+cose sin Al difference is that, as sr_lovyn in Append_lx B, spin systems
sin ¢ sin §1,—cose sin @1, +coso |, naturally absorb and emit circularly polarized radiation while
in optical spectroscopy linearly polarized light is commonly
used. While the discussion so far in this section was more
general, we now return to the effective Hamiltonian in Eq.
exponential function irg,(7;) can then be expanded to first (8), which implies the RWA, to determine the nonzero matrix
order in the field, yielding the formal expression, elements of the operatog for resonant spectroscopy:

Go,p=lp=i[V;,p]=(1=1 V)p. (25 Vi b= 2Vj an€ i+ 3V] ave ', (3D

(0)y
Operator

I,

Here the relaxation caused Wy is discarded during the Where
pulses. The density matrix prepared byrapulse sequence Vi =p?P € (wy— o)) (32)
to nth-order in the fields is then given by I.ab e e

p"=(=1)"Go(70) VaGo(Tn-1)
Here&j(w)= fdt&;(t)expwt) denotes the spectral envelope
XVn-17+ Go(72)VaGo( 1) Vipo. 26 of the jth pulse® The operator®/; can then be expressed in
The lower order terms may be obtained by systematicallferms of theB" andB operators:
substituting)-operators by identity operatofand summing it aidRTav— a-id
over all terms that then contain the same numbey'sf Vi=a(Viap€ B Va8 B), (34
The transformations used to describe a pulse sequenaghich for foab=vjfab becomes
are conveniently depicted by arrows in the following way: .
V=V ap(IxCOS ¢ — I, sin ¢;)

Vj ap= 12 E (wapt o). (33

HoT ) .
p'=Go(m)p > p——p’, (27) =3V, ap(IT€i+17e7 1), (35)
L (O)g , The application of a pulse tola component of the den-
p'=Gp(1)p=p—"0p', (28) sity matrix yields therefore,
p’z—inHp ¢ p/. (29) VjIXOC—[Iy,IX]Sin ¢]:| sin ¢JIZ (36)

In addition to the transformation symbols for free evolution@nd to aly term,

Ho7 and strong pulsest ,, that are generally used in NMR, Vily<[ly,l,]cos ¢j=i cos ¢;l,. (37)

we have introduced a symbol representing the application of ) oo

a weak pulsep” which is characterized by its phage The These are perturbation theory results for the limiting case of
most commonly used pulses in NMR have flip angles weak fields and are therefore in general different from the

= 7/2,7 and phasesh=0,7/2 1, 37/2. The Zeeman and rotations found for the strong/2-pulses in NMR k=0, see
the J-coupling Hamiltonian commute, as noted above, in our2/S0 Table ), where

weakJ-coupling case, making it possible to factorize the free (m/2) ) )
evolution propagator as ly —— cos’ ¢l +cos¢ sin ¢ly—sin ¢l,, (38)
Hy Hyz (m2)g _
Go(T)=G(7)G;(7) or p p' p". (30) ly ——— sir? ¢l,+cos ¢ sin gly+cos¢l,. (39

The fact thatH; andH; commute also implies that the prod- Keeping in mind that¢=k-r—¢, which accounts for the
uct basis, which is the eigenbasistdf, is still the eigenba- change in sign of the sia terms, we can see that for the
sis of the weakl-coupling Hamiltonian. This simplifies the special cases where=0,7/2,7, 37/2 the transformations
evaluation of the pulse and evolution propagators consideidue to weak pulses and the NM®R/2-pulses are closely
ably. In the case of strongicoupling we can still express the related. For the weak pulses though, the component that co-
action of pulses by the simple transformation rules in theincides with the rotation axis is mapped to zero in this order
product basis and then transfognio the eigenbasis dfy to  of the field, while it is retained for strong pulses in NMR.
calculate the evolution due @&,. The NMR product opera- This is a result of the expansion of the response in orders of
tor formalism gives transformation rules for all possiblethe field in Eq.(26). The component parallel to the rotation
terms that constitute the density matrix under the action o#xis, which is the component that remains in thel, plane

Gz, Gy and strong pulses, which allows us to calculate theafter the pulse, contributes to the response one order lower in
density matrix propagation analytically for an arbitrary NMR the fields in the perturbative expansion and can be observed
experiment:'®We can use the same transformation rules forin a different phase-matched direction. Since NMR corre-
the free evolution periods in pulsed resonant optical specsponds to the&k=0 limit, all these responses are observed
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TABLE II. Transformation rules for operators under the action of weak TABLE Ill. Pulse transformation rules for two consecutive weak pulses
pulses. The full transformation of the density matrix is described by thewith phasess; and ¢,. With the appropriate phase relationship the result

transformation rules withp" while the rules with¢™ describe the result
including macroscopic directional detecti(see texk

- -
M ly I, | [

W . . . . . —j i

¢ i singl, icosdl, —i(cosgly+singl,) —e ', e,

+ . . . . .
L, ([12)d0, - gedr 0 e,

- 1 ) s o o

¢ —3e7i4, (i/2)e 1, Ze i4| €%, 0

simultaneously and the POF rules have to account for the
The application of a pulse to dnterm yields

Vil =[ly,1,]cos ¢;—[ly,1,]sin ¢;
= —i(cos ¢jly+sin ¢;ly), (40

which is, apart from the overall factay the same result as
for a w/2-pulse in NMR:

(77/2)¢
|, —— —cos el +sin ¢ly.

(41
Immediate application of two consecutive pulses gives
ViVl —i(cos ¢ cos gy Iy, I, ]—sin ¢; sin ¢y, 14])
=(Cos ¢j €OS ¢y +sin ¢ sin ¢y,
=cog ¢j— P, (42
which is — 1, for a phase relationship between the two pulse

of ¢j_¢k:77'

Similarly, the application of two back-to-back pulses to

I, yields

ViV Ik sin ¢ Vil sin ¢;(cos ¢yly+sin ¢yly) (43
and tol,

VVjlyxi cos ¢Vl cos ¢i(cos ¢ily+sin ¢yly). )

With two phase-controlled pulses it is therefore possible t
achieve the simultaneous inversion lgfand one ofl,, I,
which is the same result as far, or m -pulses in NMR
(compare Tables | and Ill fof= 7). The pulses that form
the composite pulse must have a phase difference.ofo
invert I, the first phase must ber(2)+ ks while with a
pulse phase dk for the first pulse it is possible to invelt
in addition tol,. What is different from NMR though is that
a my-pulse preserves thg component and ar -pulse thel,
component while the weak composite pulses map these co
ponents to zerdin this ordej.

Note that sing and cosp contain both the geometric and
the pulse phase and therefore:

cos ;= 3(e'kiTe e+ e ki Tele)

H ‘__I iki-r
Sin ¢;= 2(

ekife lei—e ki Tele)),

For a sequence of pulses with wave vectiorsks,, ... K,
the phase-matching conditions yield" Xignals in the
directions given by kg=3{,* kj. For these signals

resembles the action of a NMR pulse(see text and Table.|l

W W
d’j ¢k
Operator _—
Iy sin ¢;(cos ¢ly +sin ¢ly)
ly cos¢;(cos¢ily+ sin ¢l,)
I, cos(éi— @,

(6]

(ks—2=*k;)-r=0 is satisfied for all sites in the macro-

mscopic sample. Adding two signals observed in directions

that differ by the sign ok; of only one pulse therefore gives

a signal corresponding to a term with afs—cos¢; and
subtraction yields the sigh——sin¢; term. For a single
pulse it is possible to get the same result by taking the real or
imaginary part of the signal in only one of the direction&

or —k.

Phase matching and directional detection are macro-
scopic effects which allow to observe signals related to op-
erators which are not self-adjoined and that could therefore
not be microscopic observables. This is completely analo-
gous to the signals observed after phase-cycling or to the use
of the operatoi™ as detection operator in NM&.We use
the density matrix rather as a tool to describe the outcome of
the macroscopic experiment than the microscopic evolution
of the system that is studied. It is therefore possible to intro-
duce pulse transformation operators that correspond to ob-

sserving the signal in only one phase-matched direction,

Vjapl 7€' and V; 55l €79, (45)
which we will symbolize by the transformations
N _
p——p' and p——p’. (46)

Each of these transformations can be directly related to a
sum of two double-sided Feynman diagrams where a field
with wave vector+k (—Kk) interacts with either the bra or
the ket of the density matrix element.

All transformation rules necessary to describe a weak-
pulse experiment are given in Table Il. We can summarize
them in a similar fashion as in the diagrams used for the
product operator formalisrtsee e.g., Ref. 1 Fig. 2.1.4The
I, evolution and the coupling transformations are identical to
the POF and describe the evolution undg(r) during the
delay times. Since we can generate terms in the density ma-

nr1r_ix expansion that contaih® or |~ by applying the phase

matchedé ™ and¢~ pulses, we also need to know the trans-
formation rules fod™ andl~ for free evolution @¢=x, y, or
2):

k

2 B
Iy —— I e™'?, (47)
p211
lr ——— I cos i 211 sin ¢, (48)
v21, ,
« — Iy cog §+|k+ Sir? giillz‘l'a sing, (49
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¢z|‘; 0 b b As an example for these transformation rules, let us consider
e — I cof 5 —Ii si? % —2Il, sing.  (50)  the photon echdPE) techniqué? for a single two level sys-
tem:
These rules are rarely used in the POF for the description of b
NMR experiments since pulses that prodiicéerms are not po=l,—— e P~

directly available without directional detection. The dia-
grams forx- andy-pulses differ from the ones in the POF.
Since we treat the weak field limit to first order we effec-
tively obtain the derivative operators. The possible flip by

angles are the two orthogonal cases9ef0 and /2, while — - lellen=datda),
in NMR any finite flip angle can be achieved=0 corre-
sponds to no interaction with the field and contributes to the
response one order lower in the field. The operators that are
constant under the NMR pulse transformations are mapped Hz73
to zero in a given order, i.ex-pulses transform, — —I, -

——l; — Iy — Iz and mapl, to zero andy-pulses transform  pere e labeled the second delay timeto indicate that the

l; =l — —l; — —Ix — |, and mapl, to zero. possible delay between pulses 2 and 3 has been chosen as
The application of a puls® simultaneously to twdor . _ The initial density matrix has been simplified Io

more) two-level systems is described in NMR by the appli- since the term due tbdoes not yield any observable signal
cation of the transformation operators to the individual com+q, 4 single two level system. The trace of E§3) yields the

%ei(wﬁ—%)r

_ %ei(le— b1+ ot ¢3)|+

_%ei(w(Tl_73)_¢l+¢2+¢3)|+. (54

ponents in the direct product, i.e.: term with a phase combination ¢, + ¢,+ ¢3 which repre-
sents the PE signal obtained in the phase matched direction
P(1,®15)=P1,®Pl,. (5D Kyt ks,

In the weak field limit pulses act on products of operators
according to the Leibniz ruléroduct rule, i.e.,
IV. TWO-DIMENSIONAL OPTICAL ANALOGS OF NMR

P(1,®15)=Pl,®l4+1,0Pl4, (52)  PULSE SEQUENCES

L . _— The simple two- and three-pulse strong field experiments
which is the mathematical property of a derivation operator.are of areat imoortance in liauid state NMR Spectrosco
This formally expresses the fact that in the weak field limit 9 P q P Py

the coherence order can only change-bg. and yield detailed information about weaklycoupled spin-

1 ; .
In summary, the general procedure for the calculation of systems. In the following we will demonstrate how the

X . ._._same type of information can be extracted for optical two-
the effect of a pulse sequence on a density matrix consists . ! . :
: . evel systems with weak pulses. We first discuss some im-
the following steps:

portant properties of the basic 2D NMR techniques. We then

1. In the low temperature limit start witho=11,(1~17). apply the general operator formalism presented in Sec. Il to
2. Apply alternatingly pulse propagators and free propathree-pulse experiments performed on a system of weakly
ators. J-coupled two-level systems. Comparison of the resulting

«Apply the pulses according to the rules in Table II, density matrix evolution and responses with the correspond-
keeping the terms containing the phasgdor book- ing NMR experiments reveals the close analogies between
keeping. weak and strong field experiments.

*The free evolution undeyy(7) during the delays can A general two-dimensional NMR experiment contains
be obtained analytically in the weakcoupling limit ~ four distinct blocksx(1) preparation block(2) evolution pe-
using the rules of the NMR product operator formalism. riod of variable durationry, (3) mixing block, and(4) de-

3. In the final expression substitufe=k-r — ¢ to see which  tection periodr,. The complex one-dimensional FID signal
directional signals have to be added with the respectivés detected as a function of, in a series of experiments in
prefactors to obtain results correspondingor y-pulses ~ Which 7, is incremented. This yields a discretized 2D array
or which directional signals are discarded to simplify theof data points as a representation of the 2D signal in the two

spectra by coherence pathway selection. time variablesr; and 7,. A single peak in this spectrum is
4. Substitute the appropriate phasgsfor phase-cycling, commonly describeédby the Fourier transform of a function,
composite pulses, efc. p(71,72) = (H(r)exp —(iw+T) 7)) (T1(7y)

Once the density matrix has been calculated, the
nth-order signal can be computed as its trace with the dipole

operator, wherec is the complex amplitudeyp,w’ are the frequencies
with which the coherence evolves during and 7, I', T’
are the corresponding relaxation rates, &hd) are window
functions(in the simplest case rectangyldéinat are nonzero

(53 only for the times for which the signal is recorded. The two-

Xexp(—(iw'+T")7)), (55

PM=tr{up™} where u=2> uiB,+ul?B!.
[e3
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dimensional Fourier transformation yields a spectrum as d-resolved spectroscopyIRS (7/2)—711/2—(m)—71/12—15
function of the two corresponding frequency variablfeés and SECSY (spin echo correlation spectroscopy
and(),. (7/2)—711/12—(B)—71/2—1,, respectively.
COSY is the basic 2D correlation spectroscopy tech-
B0, =C fx deemzfzjm dr@imip(r, 7y). nique and employs a single mixing pulse with rotation angle
o —o B to induce coherence transfer. The evolution duringas
(56)  well as r, depends on both transition frequencies and cou-
Qlings, giving rise to complicated multiplet patterns in both
. and Q,. The coherence transfer yields off-diagonal
peaks between multiplets that correspond to coupled spins.
This allows the identification of coupled spins and the inter-
P(Q1,0z)=c(a(Qy)a’ () —d(Qy)d"(Qy)) pretation of the observed coupling multiplets. The resulting
peak pattern for a weakly-coupled two-spin model system
+i(=a(Q)d" (Q2)—d(2)a’(Q3)) (57 s shown in Fig. 1a). SECSY contains the same information
as COSY and differs from it only by the delayed acquisition
which starts at the top of the coherence transfer echo. This
T’ can be of practical importance in systems that contain groups

The peak shape of a single two-dimensional peak in thi
simple case is then given kyot including the effect of the
observation window$I)

with the Lorentzian absorptive and dispersive components

a(Qq)= —, a'(Qy)= —— of chromophores with large differences in their transition
(0=Qy)+T (0'=Q3)"+ T frequencies without couplings between the groups. The con-
(58) ventional correlation sequences then lead to 2D spectra
Do R, where the cross-peaks lie within a narrow band along the
d(Qq)= 1—, d'(Q,)= 2 7 diagonal and it is possible to reduce the spectral width in the
(0—Q)%+T? (0 —Q,y)*+T"2 Q, domain by delaying the acquisition, similar to the case

(59 shown in Fig. 1b).} JRS is the simplest example of a two-

An appropriate choice of the detection phdse an overall c_iimensional NMR techr_ﬂque for the separation of intgrac-
phase correction in the data processing s&ows to select tions. The centrakr mixing-pulse refoc_uses the evolgtlon
either the real or the imaginary part of the complex signaldue to the Zeeman term at the end of time The effective

p/c in Eq. (57). The real part, which corresponds to the reaIeVOquuon duringy is thergfore only dug to the coupling
; ) . term in Hy. After 2D Fourier transformation, the spectrum
part of the spectrum for a real amplitude contains mixed

. i . depends only on the couplings in th&;-domain and on
phase peaks which consist of the sum of a pure absorptiv : . : : i .

. . ) . ; requencies and couplings in tli&,-domain, which yields a
and a pure dispersive signal. The absorptive part gives th

maximum spectral resolutidrsince the peaks are well local- Skew spectrum. The resulting peak pattern for a weakly

ized. With a correctly designed pulse sequence and appropr‘ll-_COUpIed two-spin model system is shown in Figh)1An

" ; - oo
ate 2D data processihif is possible to obtain pure 2D ab- additional skew transformation(ly={};, ©;=0,~{,)
. ) : . results in a 2D spectrum that only contains coupling$élin
sorptive spectra experimentally. It is therefore h|ghlya d frequencies i)
advantageous to measure the full complex spectrum and 8t q 2 S
. . . All of these pulse sequences can be performed in either a
only the absolute value signal. Intermediate relaxation res;
. . : . ) homonuclearnone-coloj or heteronucleattwo-colon fash-
gimes which do not yield a simple exponential decay of the . :
. . . ; . ion. Here the term homonuclear describes a system consist-
signal as in NMR will result in more complicated two- . . . I .
dimensional peak shapés ing of spins with transition frequencies that are all covered
' by the pulse bandwidth and therefore all excited unselec-
A. NMR two-pulse techniques tively by the pulse. In a heteronuclear system it is possible to
Sselectively excite one kind of spins at one frequency and the
other kind at their transition frequency which is well sepa-
rated. In the heteronuclear mode of these experiments the
first pulse is applied to only one kind of spins while the

second pulse is applied simultaneously at both frequencies.

In the simplest case, the preparation and mixing block
consist of only one pulse each, yielding a basic NMR two-
pulse echo sequencerf2)—r,—(7)—7, [Fig. 1(c)] and the
COSY (correlation spectroscopy sequence #4/2)—7,
—(B)—7, [flip angle <, Fig. 1(a)]. Here the phases of the
pulses(usually indicated as a subscript to the flip angles in
bracket$ have been omitted since only the relative phase
within the pulse sequence matter and can, in the simples
case, all be chosen to be the same as the phase of the first As we will discuss next, there are no direct analogs of
pulse. In more sophisticated schemes, the phases of the fitsie simple two-pulse 2D NMR experiments in weak field
and second pulse are systematically changed in consecutigpectroscopy due to the differences in the coherence transfers
experiments and the resulting spectra are added to select sehievable by weak and strong field spectroscopy. It is pos-
cific coherence transfer pathwajshase-cycling, see below sible though to compare NMR three-pulse experiments that
Sometimes it is profitable to place the mixing pulse in theare extensions of the basic two-pulse schemes with corre-
evolution period which gives essentially the same techniqusponding optical experiments.
but changes the way the spectra are displayed. délsyed In the following we consider two weakly coupled two-
acquisitionconverts the basic methods into the well-knownlevel systems with the model Hamiltonian of EQ.7) to

. Optical three-pulse analogs of 2D NMR techniques
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Qo

(a -

20

FIG. 1. Spectra of two-pulse NMR
techniques for a model system of two
weakly J-coupled spinsy and 3. The
transition frequencies are chosen as
w,=8 andwz=22 and the coupling is
J=4 in arbitrary units. In the right
T T T column only the absorptive contribu-
tions are shown for clarity. Solid con-
0 ] tour lines represent a positive signal
while negative contours are dottgd)
0 ] COSY spectrum with am/2 mixing
pulse. The spectrum contains diagonal
peaks at {,=* J2w,* J/2) and
(wg + 2,05 = J/2) and cross-peaks
at (w, = J2wg*J/2) and (vg
‘0’ 1 +JR2,w,* J/2). (b) J-resolved spec-
trum. The spectrum contains peaks at
‘0’ (—I2,wq5—3/2) and (+ 2,0,

+ J/2). (c) Spectra for the same tech-
. . . ) nique but without delayed acquisition
-lo 0 10 13 Q1 giving rise to peaks along the diago-
nal. These spectra are closely related
to the COSY spectra in the first row
but here the mixing pulse has a flip

angle .

10 20 30 Ql

identify the closest optical analogs of the basic three-pulsean be resolved and the coupling needs to be small compared
2D NMR experiments. The energy level scheme for thisto the difference in transition frequency.

model including the transition frequencies is given in Fig. 2. A convenient way of comparing optical and NMR pulse
The energies corresponding to the levels afr€)+J/4, sequences is in terms of their coherence order pathway dia-
—A—=J/4, A=J/4, andQ +J/4, whereQ) = (w,+ wg)/2 and  grams. The coherence order of a product operator in the den-
A=(w,~wp)/2 andw, ,w; are the chromophore transition sity matrix expansion can be determined by its decomposi-
frequencies and is the weak coupling. The lowest energy is tion in I and |~ operators and is given by the difference
the ground statey, followed by two singly excited states between the number ¢f and the number of  occurring in

e,e’ and the highest energy is the doubly excited staléhe  the decompositioh. The coherence order of terms in the
energy difference between ground stgtend doubly excited Feynman diagrams describing single Liouville space path-
statef is 2() and between the single excited states. A  ways can be easily determined as the difference between the
model system that is comparable to a weakly coupled twaxcitation numbefin terms of the eigenstates of the coupled
spin system has to fulfill further requirements. The homogeHamiltonian of the ket- and the bra-state. Am quantum
neous linewidths should be small enough so the couplingsoherence is characterized by the fact that it acquires an
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given in the level scheme of Fig. 2. In total there aré 2
possible Liouville-space pathways. The two pathways with
and= (k;+k,+ks3) do not yield an observable signal for the
current model and are therefore not given. The remaining six
pathways can be classified as either containing only one
negative or only one positive wave vector. We will label the
pathways with only one negative wave vec®r, S;, and
Sii» depending on whether the first, second, or third wave
vector has the negative sign and the remaining pathways
FIG. 2. Energy level scheme for a model system of two wedkipupled ~ With only one positive wavevector ar/, S, and S, ,
two-level systemsr and 8 with transition frequencies,, ,w,z and coupling  analogously. The expressions 8y, S, andS,, are given
J in Appendix C andS/, S, andS,, are given by the com-
plex conjugate expressions. the examples discussed below
we show how these elementary signals can be combined in
various ways to achieve a particular goal of 2D NMR.

R these signals are not separated spatially but they can

overall phase factor of exp(ing) under rotation with an
angle ¢ about thez-axis. This property makes it possible to

separate different orders by the use of phase-shifted puls
anz forms the basis qjhase)fcyclingechnizueé P e distinguished by their different dependence on the phase
' of the field.

The application of a weak pulse can only change the
PP P y g The resulting absorptive part of the two-dimensional

coherence order by 1. In the operator formalism this fol- ; h disolaved in Fi )
lows from the fact that the action of a pulse is distributedSpeCtra_ or very S OW? are dispiayed in Fig. .4 assuming
Lorentzian signals of finite linewidthEq. (58) with I'=T"'

over a product operator according to the “product rule” in — ol . ith th | I
Eqg. (52). In the resulting sum of product operators each term_ 1]. For a simpler comparison wit +t e NMR results, a
, andV, , are taken to be

differs in exactly one place from the product operator befordf€raction matrix elementy/y

the pulse, yielding a change in coherence ordet-af This equal. In NMR this is automatically fulfilled for spins of the
is different from NMR, where strong pulses can give rise toS@Me nuclear species since they all share a common gyro-

terms where the coherence order changes by any of the Ve{pagnetlc ratio and all dipoles are oriented in the same direc-

ues 0+ 1,=2, ... depending on the product operator beforetion given by the external static magnetic field. The transition

the pulse. Evolution during the pulse without a change indipoles for the optical transitions have a fixed orientation

coherence order in NMR can occur for two different reasons'VIth 'éspect to the molecular frame and can be oriented ar-
either the pulse has a finite flip angle which is different fromb'trar,'l_y W't,h respect to the external field. Th'e SIz€ of the

712 and some part of the product operator remains untrandransition dipoles can furthermore vary for nonidentical chro-

formed, or the product operator coincides with the rotation?or’hores ‘;]Vh'cl_h are r?_f tr;]e same preb Trj”?'i"ﬁns with a
axis of the pulse transformatioRor weak pulses any signal Treduency that lies within the excitation bandwidthomo-

that is due to the interaction with a pulse and is observed ifUcléar” in NMR) can therefore couple to the field with dif-

a phase matched direction looks like the interaction with aferent strengths giving rise to peak intensities that differ. If

/2 pulseand the operator that coincides with the rotation™WO tre}nsitions are separated by m9re than the excitation
axis of this apparentr/2 pulse is mapped to zero. This also bandwidth of the puls€‘heteronuclear’) the pulses that are

rules out coherence order changes of zero for weak puIs@pplied at the different frequencies might be calibrated to

sequences. If we want to translate coherence order pathwz%Pf[a'n equal transition moments. In addition it is possible to

diagrams from NMR to optical spectroscopy, we thus have tGdiust the polarization direction. _
retain only the pathways with changes »fL and drop all The most (_)bVlous_dlfference bet_ween the optical and the
other pathways. NMR spectra is that in th€); domain the NMR spectrum

For the same reasons, the application of two weak pulse%Ontains peaks ab,, g+ J/2 V‘_’hi_le the optical _spectrg iny
«,p—J/2. This is due to the different initial

can only result in zero quantum and double quantum term§ontain peaks ab

and does not yield any observable signal. This changes if thgensity matrices. In the NMR high temperature approxima-
tion all levels of the level schemig. 2) are initially popu-

pulses have a finite flip angle or if we include diagonal ele—I 4 and theref h it Al ible f ,
ments of the dipole operator. The simplest possible two'at€d and therefore coherences with all possible frequencies
an be generated during; while in the optical low-

dimensional optical experiments thus consist of three pulse% o v th ,
where one of the delays, or 7, can be either attributed to (€MPerature approximation only the ground state is popu-

the preparation or the mixing block and the remaining tWolated and after the first pulse only coherences involving the

delaysr, or 7, and 5 give, after Fourier transformation, the 9round state will evolvésee also Fig. B
two frequency domains.

The general third-order responsege Appendix Cfor
the three-pulse experiments were obtained using a Maplg' CosY
implementation of the operator formalism expressions given  Apart from the difference in multiplicity alon§,, the
in Sec. lll. Collecting the terms with a common overall spectrum corresponding to the techniggg, where 75 is
phase factor yields the directional responses which can bixed, is the closest analog to COS¥ee Fig. % since the
compared to the Feynman-diagrams given in Fig. 3. In thenixing sequence consisting of pulses two and three corre-
present model of two coupled two-level systems all states arkates the coherences between any excited state and the

Downloaded 26 Sep 2001 to 128.151.176.125. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 115, No. 11, 15 September 2001 Multidimensional optical spectroscopies 4999

SI —k1 + k2 + k3

FIG. 3. Feynman diagrams for three-pulse experiments
with non-overlapping pulses for the possible signals
Siu (right column and the corresponding coherence
transfer pathwayéeft column. The dashed lines in the
coherence transfer pathway diagrams belong to the sig-
nalssy, -

ground state that exist during with all possible coherences coupled spins. Double quantum filtering is a phase-cycling
between either the ground or the second excited state and thechnique that suppresses @l|, contributions which simpli-

two single excited states which evolve during. This is  fies the spectra considerably. In the optical case phase cy-
exactly the idea of the COSY technique. A comparison of thecling is not necessary since it is possible to obtain the same
coherence transfer pathways shows fatis essentially the  signal from directional detection. We can therefore identify
double quantum filtered version of the basic COSY experi-

ment which is described by the NMR pulse sequence  Scos(71,73)=Si(71:Tms73)s (60)
(712)—71—(7/2)—7y— (7/2)—=7,. In NMR all responses

S,i,m andsj, ; would contribute to the signal and lead to where the two time domains are given by and 73 while
dominating diagonal peaks from, e.d5,, even for un- 7,=r7,is a constant delay.

©

o

FIG. 4. Pure absorptive part of the two-dimensional spectra corresponding to the resqor§esandsS,, for small 7, (see also Appendix )CSolid contour
lines represent a positive signal while negative contours are dotted.
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Qs Sm NMR COSY

@ @ FIG. 5. Comparison of the spectrum
from the optical analog of COSY spec-
<§> <§> ] troscopy (left) with the NMR COSY
spectrum(right) for the same model
system. The difference in multiplicity
along Q, due to the different initial
condition is clearly visible(see text
Solid contour lines represent a positive
signal while negative contours are dot-

~-i0

> {0 & e

# 0 ted.
-30 : . 0 L
-30 -20 -10 0 0 10 20 30
D. NOESY and EXSY E. J-resolved spectroscopy
The combined respons&+ S, together correspond to In the special case of,=0 the responsé&, yields an

NOESY where again the second and third pulse constitutecho signal. The system is in-a1QC duringr, and in a
the mixing sequence. The signal is frequency labeled by thelQC duringr; and therefore the diagonal peaks refocus for
evolution of the one quantum coherendd@QOC) in =, and  arbitrary inhomogeneous frequency distributions. This signal
T3, and cross-peaks appear between chromophores that es-related to the NMR echo sequence which is the basis of
hibit cross-relaxation or transport during. We can there- J-resolved spectroscopy that was shown in Fig) twithout
fore identify delayed acquisition The optical spectrum contains addi-
_ tional peaks that are not cancelled as in NMR due to the
Snoesv 71,72) = S(71,7m, 73) T Si(71, 7, 7). (61) different initial conditions and the resulting differences in
In NOESY the cross-peaks of interest for determining dis-multiplicity in ;. Directional detection allows us to remedy
tances are due to polarization transfer by the Nuclear Ovetthe situation by combining optical signals from different di-
hauser Effect(dipolar cross-relaxationduring 7,. In 1D rections which is impossible in NMR. The combination
spectroscopy the NOE is visible as changes in peak intensity
when one of the nuclei is excited by strong irradiation. The So= S (21,€22) = $(21,92) (62)
detection of these intensity changes is far less sensitive thagives only the diagonal peaks that can be subtracted $om
the observation of a cross-peak in 2D spectroscopy. EXSY iand yield
the same technique as NOESY except that the observed evo- B
lution during 7,,= 7, is due to chemical exchange rather than Sirs= Si(~ 021,022) =Si(Q1,02) + 5 (21,022), - (63)
cross-relaxation. where only the off-diagonal multiplets are retained. This sig-
The spectra shown in Fig. 4 are fey=0 and without nal can be considered an analogJefesolved spectroscopy
cross-relaxation. The cross-peaks in this case are due to tlisee Fig. &, since in one frequency dimension the signal
weak coupling and are considered an unwanted artifact idepends only on the transition frequencies while it depends

EXSY or NOESY(“J cross-peakst). on both frequencies and couplings in the second dimension.
Qo SiRrs NMR
0 Al T v T T 0 T L T T

@ ] FIG. 6. Combinations of two-
dimensional spectra observed in
-10 | -10 | <§> E different  directions  yield for

Sirs= S (= 01, 03) = §,(Q1,Q7)
+S5,(Q41,Q,) (left) a technique with
the same information content as NMR
J-resolved spectroscoplright, com-

20l 0l @ ] pare Fig. 10)]. __Solid‘ contour lines
represent a positive signal while nega-
0} tive contours are dotted.
-30 n L | -30 L | L
-30 -20 -10 0 0 10 20 30 O
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It is crucial to detect the fullheterodyng signal and not opposite to Eq(65), the perturbative expansion ih(weak
merely its absolute value to be able to construct linear comJ-coupling limit) and the use of product states of localized
binations of signals in different directions in which certain basis states for the chromophores allows a real-space inter-

selected peaks cancel. pretation of the action of the pulse sequence. This consider-
ably simplifies the design of specialized pulse sequences for
F. Double quantum spectroscopy the extraction of specific system parameters like transition

. frequencies and-couplings and yields a more intuitive pic-
All the pulse sequences discussed so far used the secoygq ping y P

. . o ure than possible using the global eigenstates. While the
and third pulse as the mixing block. The second possibility to han p 9 9 9 . .
obtain a two-dimensional spectrum from a three-pulse Se(_jescrlpnon of weak pulse sequences developed in Sec. Il is
. . . valid for arbitrary coupling Hamiltonians, it becomes most
guence is to consider the first two pulses as the preparatlonOWerful when combined with the weakcounling Hamil-
sequence and to obtain the two frequency domains from P piing

and 7. In this case the two respons8s, only yield zero tonian of Sec. Il. The formalism then directly yields analyti-

frequency peaks in the first frequency domain since the Sysc;al expressions for the evolution of the density matrix and

tem is in a 0QC state during,. These signals are usually for the polarization. Sequences designed in the wikkkit

unwanted since they are essentially one-dimensional and@y retain their essential features for strohgs well. In

therefore suppressed in 2D NMR. However, directional de{W0-color experiments nonresonant couplings provide the

tection allows to directly observe sign&|, which corre- dominant coupling mechanism that can be exploited for co-
sponds to the simplest multiple quantum technique in NMR Nérence transfer.

double quantum spectroscopy. We can therefore identify The selection of coherence transfer pathways which is
obtained in NMR by phase-cycling is possible in optical
Spes(72:73) = Su(7p, 72, 73), (64) spectroscopy through directional detection. Signals detected

where the two time domains are given by and 7, while  in different directions can be linearly combined to simplify
71= 1T, IS a constant delay. In this technique the duration ofthe resulting 2D spectra, yielding techniques that resemble
the delayr,, can be adjusted with respect to the couplitg ~ NMR results from pulse sequences involving strong
maximize the transfer to the 2QC during the preparationm-pulses. The combination of directional detection, linear
block. The system then evolves with the sum frequency otombination of signals from different spatial directions, and
w,t g during 7, giving rise to a spectrum that contains cycling of pulse phases gives a high degree of control over
peaks at about twice the frequency in the first domain as &he selection of coherence transfer pathways. To gain this
usual single quantum experiment. The mixing pulselse  control it is necessary to measure the full complex signal by
threg then correlates the 2QC with the connected 1QCs. heterodyne detection and not only the absolute value spec-
trum. This is common practice in NMR. A further advantage
\/. CONCLUSIONS of heterodyne detection is that after appropriate phase cor-

We h develoned a d L ¢ optical pul _rection and data processing, it can also yield pure absorptive
e have developed a description of optical pulse experie,q .5 \which have considerably higher resolution than ab-
ments using well-separated, time-ordered pulses in the we lute value spectra

field limit for coupled two-level systems that is closely re- We have identified close optical analogs of the most im-

lated to the NMR product operator formalism. Describing thg ortant liquid state NMR three pulse technique@OSY,

ion of weak pul in terms of transformations in th i o
actio ot weak puises te_ s ot transtorr a_to sinthe bag OESY, DQS. Future research will involve the develop-
of Pauli matrices or creation and annihilation operators is

ment of new pulse sequences that carefully account for the
based on the RWA for resonant spectroscopy and the rel%-_ﬁ bet NMR and optical ‘ T
tionshipAw<w;<wqy, WhereAw is the width of the spec- erences between and optical spectroscopy. Two-

trum, w, the Rabi frequency, and, the central transition color experiments analogous to heteronuclear NMR spec-

frequency. The transformation rules for product states of ball0SCopy are one interesting possibility and pulse experi-

sis operators offer a very compact description of the interacMents that are tailored to certain glasses of compounds
tion of the system with the electromagnetic field of the (Proteins, polymenscould be developetThe systematic ex-

pulses without dealing with the detailed features of thetension of the current formalism to arbitrary multi-level sys-
pulses. tems should not pose fundamental difficulties and will enable
Models for the interaction between optical two-level sys-the treatment of a larger variety of systems, including vibra-

tems in molecular crystals and aggregates usually are basé@nal systems with moderate anharmonicities. A further
on the resonani-coupling Hamiltonian topic that should be studied is the description of pulse se-

_ + + guence blocks in terms of average Hamiltonians that yield

Hj res=Jap(BoBpt BaBp). (65 effective transformations for the whole pulse train. This ap-
Here thel, terms in the full isotropic coupling Hamiltonian Proach has been used effectively in solid state N¥fRind
(13) are neglected. Simple models of this kind are based ogan become important in dealing with the arbitrarily oriented
transition dipole coupling mechanisnisee e.g., Refs. 33, dipoles in optical spectroscopy. Techniques that effectively
34). This Hamiltonian leads to the formation of exciton statesdeal with small pulse flip angles, offset effects, and echo
and techniques for its treatment are well-developedThe  detection have been developed in multidimensional EPR
present modelEq. (13)] is different and also includes diag- spectroscopif*’and might stimulate further development of
onal couplings. For nonresonant couplings, which is the limitoptical pulse techniques.
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APPENDIX A: PAULI MATRICES, SPIN-OPERATORS, (B) 2 (¢) ) ( )
CREATION AND ANNIHILATION OPERATORS B' =R, X(¢)BR,(¢)=Be'*. (A16)

In this appendix we survey some well-known operator
properties and relations that are widely used in NMR andAPPENDIX B: HAMILTONIAN FOR A DRIVEN SPIN- 3
that are needed for the operator transformation rules in Se@ND A TWO LEVEL SYSTEM
[ll. For the description of two-level systems we use operator

bases that contain Cartesia,{,,l,) or creation and anni- . : e g
hilation (B',B) operators depending on which basis yieIdSt|ve rotating-frame Hamiltonian of a spiin an electromag-
’ netic field, following the treatment in Ref. 23. The resulting

the more compact description. The two states forming th Lo .
: pact P . g ?—|am|lton|an has the same structure as the optical two-level
Hilbert space on which the operators are defined are typlca”1y-|amiltonian of Sec. ||

ggg?dﬂ?é'[é z)}rr:r%lc\)lrl:ﬂso?;]t(ijél]_v%/g J\r/v>|ﬁ 'S%F:;Cl?)l;p;cif:_ The magnetic moment operator of a sgirsystem is
) ’ given by Eq.(4).2%?*It is isotropic and has the same magni-

following. Any Hermitian operator on this Hilbert space can X } L
. . . . tude for all spins of the same isotope. The Hamiltonian for a
be expanded in terms of the identity operdtand the Pauli g - .
spin in a magnetic field+ is

matricesoy, oy, ando,. In NMR the spin operators are
usually referred to as,, I,, andl,, which are the Pauli H=—pu-H(t). (B1)
matrices with appropriate normalization, satisfying the well-
known commutation relation@ve use units in whiclk =1):

In this Appendix we present the derivation of the effec-

We assume that the spin is placed in a strong static magnetic
field Ho="Hye, parallel to the z-axis which becomes the
[Ix,ly]=i1, and cyclic permutations ofx,y,z). (Al)  quantizationa axis. All spins are then aligned either parallel
pr anti-parallel with respect to theaxis which gives rise to

the Zeeman splitting between the states and |8). The
corresponding energy difference is the Larmor frequency

The creation and annihilation operators, also called shift o
flip operators, are given by

I"=I,+il, and I"=1l,—ily. (A2)  wy=9H,. Acircularly polarized rf-pulse with rotating mag-
They fulfill the following commutator relationships, netic field H,(t) is applied in thex-y plane with frequency
o and phasep (here, effectivelyk=0),

[F K==, [I71]=il,
(A3) H,(t)=Hq(t)[ & cofwt+ @)+ 6 sinfwt+¢)]. (B2)

[ L]=51, [It,17]=21,.
‘ _ e _ Adding both fields H(t)=Ho+H,(t) the Hamiltonian
To make the comparison with the optical spectroscopy notagg s

tion easier we denotB'=1" andB=1". The inverse rela-
tions are given by H=—wol.— yHi (D[l cos(wt+ @)+ 1, sin(wt+¢)].
1 i
_ T - t
|X—§(B +B) and |y— - E(B -B). (A4) Plwr+¢) (B3)
The spin operators fulfill further relations: The operatoP(wt + ¢) describing the action of the pulse on
the spins system has a simple interpretation in terms of
IZ=12=12= 3 (AB) . o or .
x—ly~ iz 4bh infinitesimal rotations as can be seen by compati{gt
(BT)2: BZZO, (AB) + ¢) with Egs.(A12) and (A13)
i (RI,LR™Y for =0
Ily=l, and cyclic permutations ofx,y,z), (A7)
2 -1 _m
| RI,R for o= >
lyly= = 5l, and cyclic permutations otx,y,z). (A8) Plot+¢)={ R(—I)R"L for ¢=m (B4)
From this follows [A,B], =AB+BA) R(~1,)R™* for (P:3g
I,=5[B",B], (A9) \
I=[B",B], . (A10) with: R=R,(— wt). (B5)

The transformation properties under z-rotations are giverThe Rabi frequency is given byw,= yH4(t). Integrating
byt over the pulse yields the flip angte= v/ H,(t) dt.

Downloaded 26 Sep 2001 to 128.151.176.125. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 115, No. 11, 15 September 2001 Multidimensional optical spectroscopies 5003

In the following we will assume for simplicity a rectan- s Hymy Hymy
gular pulse during whictH,(t)=", is constant and zero Po 0.
before and after the pulse. The Liouville—von Neuman equa- !
tion p=[H,p] describing the dynamics of the spin system ¢3 Hzmo Hy7o
during the pulse is then given by Pri+

p=—i(wol,,pl+ 0 [RLR1,p]), (B6) 42 Hyra  Hyrs

where the indexk can be eithek, y, —x, or —y. The equa- Prj+rytrs (C2
tion of motion can be simplified by the rotating frame trans-
formation p— RpR ™ %:23

and an overall relaxation term with rafewas addedcom-
_ pare Eq.(55)]. The polarization Eq(53) is obtained as
—iw[l,,RpR™]+RpR?

= —i(wll,,RoR 1+ wi[RR"LRpR ).  (B7) PO 72, 78) =t ot rying 2 MG But "B
Multiplication of Eq.(B7) from the left byR™* and from the (€3
right by R and using the fact thgR,1,]=0 yields the equa- petection with an additional heterodyne pulse with envelope
tion of motion in the rotating frame, E,(t) and phasapy, yields a signal which can be split into
—iw[lz,p]-i-b: —i(wo[l,,p]+ @i lc,p])- (B8) three terms that comprise contributions with common phase

_ o . . ~ factors and their conjugate complex counterparts resulting
This result can be S|mpI|f|ed by mtroducmg the effective from the BT and B contributions to the d|po|e operator, re-

HamiItonianHeﬁ, Specti\/e|y
p=—i[Hei,p] Where He=(wo— ®)l,+ w1l. (B9
Ty, T3) = \T2,T3) +Su(71,72,73).
In terms of creation and annihilation operators the effective S(71:72,73) k=TT, Sd(71:72,78) + Sd(71,72.73)
Hamiltonian can be written as (C4
. L + w1 + The three components , ,, are observable in the different
Her=5 (0o~ @)[Bq,Bal+ - (COS (B, +Bo) phase matched directionis;= —k;+k,+ks, ky=k;—k,
o R +ks, andk,;=k;+k,—k; and can also be obtained from
—i sinp(B,—B,)). (B10)  the sum-over-states expressididsing the abbreviations
Rearranging Eq(B10) results in Eq(8). 1
w;:wa_z E ‘Ja'ya (C5)
APPENDIX C: OPTICAL RESPONSE TO A THREE- vFa
PULSE SEQUENCE 1
We consider the weaB-coupling Hamiltonian Eq(17) wh=w,+ 5| Jas~ ;aB Jay)v (C6)
for coupled two-level systems. The initidbw temperaturg e
density matrix is
20, 5= 00— 2 oy, (C?
@ y#a,p
po= 11 (1°=19), (CD
¢ 1
while the high temperature approximation in NMR would 28 p=w,—wpt 2 725 (Jgy=Jday)s (C8
yield an initial density matriypo> 2,15 . The evolution under '
the three-pulse sequence was computed by anth,a=;u2b~ &, the signals are given by:

S(71,75,73) = — i€ ($n= b1t b2t bl T+t ) N [2v VI VI V], exp—i(w,(t3— 1))
aF B ! ! ! !

+2Vp gVa Vs gVi g eXpl—i (w5 (m3= 1))+ Vp V3 3V Vi eXpl—i(—wp 11+ 2 A gt 0 73))
~VioVagVaaVig XN —i(—wg T+ 2 Ao+ 0hi3) + V) 2V3 V5 Ve,

XexXp —i(—w, 71— 24,572+t 0573)) = Vp, gVa Vs 5Vi, eXH—i(—w, 71— 2 A 572+ 0iT3))

Vi V3oV Vig X —i(—ws it 0, 73) = Vy, V3, Vs 5V g €Xpl—i(— wg 71+ 0h73))

Vi V3 5V3 Vi, XA —i(—w, T+ 0g73) = Vi 2Va,V3 Vo, eXpl—i(— o, m+ 0fTs))], (C9
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Sy(71,7,75)=—ie!(¢nt 17 b2t dalg~T(mt 72t 73) > 2 Vi aVaaVao Vi, eXp—i(w, (134 71)))
a# B ’ ' ’ ’
+2 V), gV3 5Va 5Vig eXpl —i(wg (734 71))) +Vy (V3 Vo gVi, eXPl —i (@, 71+ 2 A 570+ 0, 73))
—v;avgﬁvgﬁv;a exp—i(w, 7 +2 AHBTZJFwgrg))+vgﬁv;avgavzﬁ
Xexp —i(wg 71— 24,572+ 05 73)) =V sV3,Vo,Vig XN —i(ws 71— 2 A 570+ 05T3))
+ Vi oVa,VagVig eXp—i(wg 71+ @, 73)) = Vi Vi Vo 5V1 5 €XH—i(wp 1+ 0P73))
+vgﬁv;ﬁv;av;a exp—i(w, 71t wy 73))—v,;ﬁv;3v;av;a exp(—i(w, 71+ wgzTs))], (C10
Si(71,73,75) = —iel (bt b1t damde)e T (mrratrg) 3 [Vr:avsTﬁV;ﬁVfa exp(—i(w, 11 +2Q 57+ w, 73))
aF ’ ! ’ ’
~VioVasVoVi, eXp—i(w, 71+2 Q4570+ wPr3)) +Vp sV3,Vo Vi, XN —i(w, T1+2 Q457
+wg73)) =V sVa o VoV, XN —i(w, T1+2 Q0,7+ 0573)) +Vy V3 5V5 Vi g exp(—i(ws Ty
+20 70t 0,73)) = Vp, V3 5Vs o Vi g €Xp—i(wg 71+ 2 Qaﬁ72+wgrs))+v,;ﬁv;av;avfﬁ

Xexp —i(wg 1 +2 0 gt g 73)) = Vi gV, Vo, Vi g €XA —i(w,y 71+ 2 Qs+ 0hT3))]. (C11)
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