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Dark magnetic resonance in an electron-nuclear spin system
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Dark magnetic resonance in the solid state is observed and is shown to be analogous to electromagnetically
induced transparency in coherent optics. The basis of the two effects is coherent population trapping, which
can conveniently be described by the product operator formalism. It is demonstrated that pulse electron
paramagnetic resonance experiments on electron-nuclear spin systems provide a simple means for studying the
physics of these types of coherence phenomg®E050-294{@8)07205-9

PACS numbses): 33.25:+k, 32.30.Dx, 33.35tr, 76.30—v

During the last few years, a number of new phenomena in The theoretical description of dark magnetic resonance is
coherent optics like dark resonance, electromagnetically inbased on the product operator formalism commonly used in
duced transparency, inversionless amplification, and lasingagnetic resonance experimerjts7]. Relaxation is ne-
without inversion, have attracted considerable atterfiion ~ glected[17,18. In the product basis the static high-field ro-
11]. In 1993 amplification without population inversion tating frame Hamiltonian in angular frequencies is given by
[12,13 and in 1995 lasing without population inversion [19]

[14,15 have been demonstrated experimentally on metal va-

pors. Very recently the first observation of electromagneti-

cally induced transparency in a solid medium has been re- Ho=QsS,+ w1, +ASI,+BS/y, )
ported [16]. In laser physics the basic principles of these

phenomena are often discussed by means of a three-level a) (1>

atomic system ofA configuration[1,2,4,5, consisting of an o> [1€ /
upper level and a low-frequency coherent superposition of

two lower sublevels. The transition frequency between upper

and lower levels lies in the optical range, whereas the fre- f @
guency splitting of the two lower levels is in the radio or
m|?row§ve frequency range. . . s>

n this paper we report the observation of dankgnetic N\/\,\/\/‘/‘
resonance on an electron-nuclear spin system. In such a pulse 4> 1]
electron paramagnetic resonan@&°R experiment, the op-
tical electric dipole transitions are replaced by magnetic di-
pole transitions of the electron spins and the sublevel transi-

tion by a magnetic dipole transition of the nuclear spins. The b) a a
most simple spin system on which to perform such a dark i

magnetic resonance experiment consists of one electron spin H m34H
S=1/2 coupled to one nuclear spir-1/2 subject to an ex- ‘_’
ternal static magnetic fiel8,. Figure 1a) shows the four- 23 24 13 | 14
level diagram with energy leveld), |2) (a electron spin Dre
statg, and|3), |4) (3 electron spin staje The corresponding coi
EPR stick spectrum shown in Fig(k) consists of the two —

allowed, a, EPR transitiong1)—|3) and |2)—|4), and the
two forbidden,f, EPR transition$l)—|4) and|2)—|3).

(o)

mw

. . FIG. 1. (a) Energy level diagram of aB=1/2,1=1/2 electron-
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where Q= ws— wy, IS the offset of the electron Zeeman (2) 0 (2) (2)

011 013 0Oi4
frequency ws=9B.Bo/# from the microwave frequency 2
Omw: ©1= —0nBnBo/% is the nuclear Zeeman frequency, 0 022 0 0
andA andB are elements of the hyperfine matrix. (02)= J2* 0 g2 2| ()
The two nuclear transition frequencies in theand g8 13* 33* 3
electron spin statfFig. 1(b)] can be expressed as d2" 0 o2 o

If both transitions are dipole allowed with the same transition

— 2 2
©12=SQMA+20)) V(@ +A12)*+(BI2)?, (2)  probabilityl,=1¢=3, we find for the populations

— 2 2
w34=—SgMA—2w,)V(w,—Al2)?+ (B/2)°. o?= <1>Jr 7 (1-c0s ),
In the eigenbasis, the Hamiltonian reduces to @_ (1
022 =02, (83
@t o, oo P
Ssz+ Y1t (w10- 0308 (3) 033 =5 (033 +0u5) + 5 (033~ 044)COS
. . . . F
During a semiselective microwave pulse of lendth — = (1-cosf,),
along the rotating frame axis that simultaneously excites 8
the allowed EPR transitiofi)—|3) and the forbidden EPR 1 1 8
" I S )
transition|1)—|4), the Hamiltonian is given by 0551)_2 (el +od)— 5( @ aﬁ)cos7
HEM = 0,187 = IS, 4 F
— g (1—cos,),
with the microwave pumping field amplitudew,
— B4 /4, the single-transition operatog§!¥=S 1« (with  for the nuclear coherence
l*=31+1,), S{*=S1,-S,, [17,19 describing the exci- B
tation of transition1)—|3) and|1)—|4), and the allowed and oX=Re o5y +i Im(a(l>)cos—2+ g (1—cosBy),
forbidden transition probabilities, andl¢. The bandwidth (8b)
wg of the semiselective pulse is marked schematically in Fig.
1(b). During thg pulse, the_static Hamiltonian, E_q), canbe  and for the electron coherences
neglected provided the microwave frequency is close to the
frequencies of transitiotl)—|3) and|1)—|4). The propaga- —i \/— ,32
tor calculated from the Hamiltonian given in B¢, is found 0(1%)— S|n7 E+Fc s )
to be[19] (80
|\/— B2
. (2>__ 72 [ty
P(ls'“’:exp{—I[BaS§(13)+ﬁfS§(14)]}, (5) sin 5 ( E+F cos > )
where the quantitieg,= 81, and 8;= — B\/I; denote the Where
effective flip angles for the transitiod)—|3) and |1)—|4),
, S S R € Y (1)
and 8= w;t, is the nominal flip angle. E=053 — 04 +2i Im(034), (93
We now assume that the spin system can be described by WL D @ @
the density matrix in the eigenbasis F=033+ 04 —2017 ~2Reoyy). (9b)
i The condition for dark resonance is fulfilled if the test pulse
o7 O 0 0 has no influence whatsoever on the spin system) (
0 o 0 0 =(0,). This is the case foE=F=0, i.e.,
(o1)= , ()
Yl o0 o of o=old, (103
0 0 o o
T4 M Im(a)=0, (10b)
with the populanrgr(l) oy, o), and 'crﬁ), and the o+ ol —2 Re o'l =200 . (100
nuclear coherences, . A suitable preparation sequence to
create such a state WI|| be discussed below. The EPR signal given by the expectation va{$(t)) van-

After a semiselective test pulse of flip angde that again  ishes for all timed after the test pulse. Apart from a differ-
excites the transition§l)—|3) and |1)—|4), the system is ence in sign in Eq(100), which is caused by our choice of
described by the new density matrix the A configuration(|1), |3), and|4) rather than2), |3), and
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|4)), the formulas in Eqgs(108—(100 are identical to the given by o{Y=1—¢c+4, with 0<6<2¢, ol=1—¢, oY

ones found for three-level atomic systems in coherent optics: ¢{})=1, ando{})=ce 34, respectively. Experimentally,

[1.2]. ) ] such a state can be prepared, for example, by a semiselective
Note that the population of the levil) is already trapped microwave 7 pulse that simultaneously excites transition

for F=0 irrespective of the value d. Thus, if condition |1)—|3) and |1)—|4), followed by a radio-frequency pulse

(109 is fulfilled, no absorption or emission of microwave ywjith a flip angle G<pB < on-resonant with the nuclear

quanta can occur. One also finds that the EPR signale-  transition|1)—|2) (surviving nuclear coherence on this tran-

diately after the test pulse sition can be eliminated by a phase cycBy inserting these

matrix elements in Eqg1289—-(12¢) we find the conditions

F
(S(t=0))= 7 sin B, (1) s
cos{w34t):T for dark resonance, (133

is zero in this case. Nevertheless the system can still interact
with the field in two ways, if either of the conditiori$0g or

(10b) is not fulfilled. <£72% tor absorption, (13b
For Im(o%y) # 0, nuclear coherence can be transferred to &

electron coherencalthough all populations are trapped

The microwave field then drives an entropy transfer between >8— o for emission (139

subsystems of the spin system without exchanging energy e ’

with it. Alternatively, if o3+ o) while the other two con-

ditions are fulfilled, the microwave field appears to drive  For §=0, we haves{})=1—¢, and dark resonance mani-
directly the nuclear transition. This can be considered as fests at time
Raman process, the Stokes or anti-Stokes character being
established by the sign of the population difference between 27N
levels|3) and |4). t=—— (14)
If Egs. (103 and (10b) are fulfilled, the behavior of the 3
system can be characterized on the basis of (Bb). The

X Lo e Fort#2mn/ws,, the spin system absorbs energy. Ferd
following three cases have to be distinguished

<2¢, the system can emit energy. The length of the time
intervals for emission increases with increasiign the in-
terval 0<s<e the populationo{)=1—¢+6 is always
smallerthan the population of the levels in the ground state,
=20 for absorption, ofd=0fy=1, and amplification without inversiontakes
(12b place during the emission periods. If in addition the spin
system together with the resonant structure fulfills the maser
condition [20], masing without inversionwill be observed.
For e<6<2¢, the time intervals for which emission is ob-
served further increase but for the8evalues always emis-

In an EPR experiment carried out on a free radical at 210N with inversion is observed. . .
temperature T>4K and a microwave frequency Note thgt in the context of coherent popylatl'on trapping,
Wl 27~9 GHz (magnetic fieldB,~300 mT forg=2), the the term “|nv_er5|on” always means po_pula_t|on Inversion in
electron Zeeman termsS, is the dominant interaction, and the eigenbasisof the unperturbed Hamiltonian. This choice
for the energy eigenvalues we can assuag<kT/%, i of the basis ensures that populations are constants of motion
—1,...,4 (high-field and high-temperature approximation " the absence of an external perturbation. For the case of

‘‘inversionless amplification” it has been demonstrated that

The density operator at thermal equilibrium is then given by : ) . ¢
0o=1-2¢S,, with the unity operator 1 and & another representation can be found where inversion exists

=gB.B,/KT. The small difference in Boltzmann population [12]- That the inversion is actually only hidden can be seen
caused by the nuclear Zeeman and hyperfine interaction {50 the fact that in any system fulfilling conditiad29 the
neglected. In contrast to atomic systems in optics, all thiransfer of the coherence on thew-frequencytransition
energy levels are nearly equally populated at room temper 3)—|4) to polarization by ar/2 pulse along thg axis would
ture, with the population difference between the two electrorf"€a(€ population inversion on one of thégh-frequency
spin states being only the small fraction & about 0.1% of _transitions|1)—[3) or [1)—4).

the entire population. Since the unity operator is invariant to

o+l —2Reoly) =20} for dark resonance,

(129

<20} for emission.

(129

For the description of the dark magnetic resonance experi-

transformations and does not give rise to observable effects fient the situation withs=2s, o{Y)=1+s, is of particular

is usually omitted in magnetic resonance work. However, innterest. Such a state can easily be prepared by applying only
order to stress one of the main differences between cohereft Semiselectiverr pulse that excites the two transitions
optics and magnetic resonance, we use here the full equilidd)—[3) and[1)—[4). The dark resonance condition is then
rium operator with the populations{Q=od=1—¢ and fulfilled for

cQ=cQ=1+¢.
83 C a4 . , 2n+1)
We now assume that, as a result of a suitable preparation t=———, (15)

of the system, the populations and the nuclear coherence are W34
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FIG. 3. Pulse sequence for the observation of dark magnetic
resonance consisting of a semiselective preparation pulse of flip
angles and a two-pulse echo detection sequence.

EPR signal (arbitrary units)
S
|

341 342 343 344 detection is used since the free induction decay cannot be
Magnetic field Bo (mT) observed due to the spectrometer deadtime. According to Eq.
_ (16) dark resonance or population trapping should manifest
FIG. 2. Room temperature continuous wave EPR spectrum ofa] time intervals ofT = 277/ ws,= 690 ns. At these times, the
p

Wrra.d'.ated potassium hydmg?n malonate single crystal, oriente in system igransparentfor the semiselectiver/2 pulse
for minimum w4 nuclear transition frequency. The arrow marks the - N
nd the echo intensity is zero.

observer position used for the dark magnetic resonance ex erimer‘% . . .
P g P The experimental echo amplitude recorded as a function

of time t is shown in Fig. 49). The phase cyclg0]+[ ] of

the semiselectiver pulse eliminates residual electron coher-
ence present after the first pulse. In addition, the base line
obtained without microwave pulses has been subtracted. A
repetition rate of 250 Hz has been used. Since the sequence
X ) is closely related to an inversion recovery experiment, the
onate(10 kGy) is used to demonstrate dark magnetic resojgn of the echo amplitude is chosen to be positive tfor
nance. The irradiation product, the free radical ', Ag predicted, dark resonance effects are observed in
~O0C—CH—COQO, is oriented in the same way as the time intervals ofT =690 ns(first four events marked by ar-
undamaged molecule with one principal axis of thgroton g, Because of spin lattice relaxation the echo amplitude
hyperfine matrix along the crystallographic twofold symme-js zero only for the first population trapping eveibbld ar-

tations of the magnetic field. The unpaired electron and the

spin of the« proton represent aB=1/2, 1 =1/2 four-level : : , : ‘ . .
electron-nuclear spin system with an orthorhombic hyperfine
matrix with principal values-27.4,—56.3, and—86.3 MHz 2T
[21]. The hyperfine interactions of the protons of neighbor-
ing hydrogen malonate molecules are much smaller and have:
virtually no influence on the dark magnetic resonance effect.
The experiment has been carried out at room temperature or.
a Bruker ESP 380E pulse EPR spectrometer operating at 9.7
GHz. An orientation of the crystal was chosen for which the
nuclear transition frequenays, was close to minimum. For
this particular orientation the transition probabilities of all 0 } 2 3 . s s 7 s
four EPR transitions are the samg=1;=3.

The continuous wave EPR spectrum shown in Fig. 2 con-
sists of two inhomogeneously broadened lines of width
(AQg)1,=0.25 mT separated by 0.97 n{@orresponding to )
w1 )2m=27.08 MH2. The small splitting of w27
=1.45 MHz(0.052 mT) is not resolved. The experiment was
carried out at the center of the low-field line, marked by an
arrow[high-frequency lines in Fig.(b)] i.e., only the energy
levels |1), |3), and |4), representing a\ configuration are
involved in the experiment. The microwave pulse sequence
is shown in Fig. 3. The semiselective pulse of length
=192 ns and nominal flip anglé= simultaneously excites , ' - : : : :
the two EPR transitiond)—|3) and|1)—|4) with equal tran- 0 : 0 vl ¢ Tt
sition probability and creates nuclear coherence on the low- Time (1s)
frequency transitiof8)—|4). After free evolution of time, a FIG. 4. (a) Experimental demonstration of dark magnetic reso-
two-pulse echo sequence/2-m-m-7-echo, consisting of a nance on ay-irradiated potassium malonate single crystal at room
semiselective pulse of length, =192 ns and nominal flip temperature. The echo amplitude is recorded as a function ofttime
anglen’/2, a time delay=750 ns, and a nonselectivepulse  between preparation and detection. The arrows mark the first four
of lengtht =16 ns, is used to monitor the state of the three-dark resonance events occurring in time intervals of 690(ns.
level quantum system. Echo rather than free induction decapumerical simulation of the experimental time trace showxajn

and occurs periodically at time intervals

A single crystal ofy-irradiated potassium hydrogen mal-

)

(arbitrary units

o

Echo amplitud

Time t (us)

Echo amplitude (arbitrary units)
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asymptotically the value obtained without a preparationto population trapping. The frequency of the dark resonance
pulse. In addition the modulation amplitude of the echo dephenomenon reported in this paper is about a factod
creases with increasing time due to the loss in phase lower than the one in the optical experiments. In contrast to
memory of the nuclear spins. The shift of the echo modulaoptics, the energy levels are nearly equally populated and the
tion trace of about 145 ns to shorter times compared to themplitudes of the electron and nuclear coherences are deter-
values predicted by Eq15) is caused by the finite length of mined by the populatiodifferencesather than by the popu-
the two semiselective pulses. Fig(b# shows a numerical |ations. The wavelength used in an EPR experiment is usu-
simulation of the experimental time trace. All the features arey|ly |arger than the size of the sample. However, with a
nicely reproduced for a spin lattice relaxation tiffge  sujtable experimental setup, it should be possible to observe
~5 us, and a nuclear phase memory tiffig,~8 us. electromagnetically induced transparency also in magnetic
Population trapping by coherences cannot only be demonesonance, similar to microwave self-induced transparency
strated by an especially designed EPR experiment, it is acty24]. Amplification without inversion occurs in both fre-
ally an unrecognized feature of a number of existing pulseuency regimes and lasing without inversion finds its anal-
EPR schemes. For example, in the three-pulse electron spyonin masing without inversion.
echo envelope modulation experiment2-7-7/2-T-m/2-17- In conclusion we have demonstrated that dark magnetic
echo, on anS=1/2, 1=1/2 spin system with semiselective resonance can be observed in four-level electron-nuclear spin
pulses again exciting the transitiofi3—(3) and|1)—|4), the  systems. For the description of the phenomenon, we used a
preparation sequence/2--m/2, creates nuclear coherence well developed quantum mechanical formalism that is com-
on the |3)—[4) transition that evolves during tim&. The  mon in magnetic resonance work and that can easily be ex-

echo amplitude is given bj22] tended to more complex spin systems. Powerful tools like
K 1 the computer packageammA [25] that are based on this
E(1.T)=1=5 |1~ 5 COSw347) + COJ w3y(7+T)] formalism are now available for detailed numerical compu-

tations of the effects. The work presented in this paper once
(17 again demonstrates the close relationship between the con-
cepts of magnetic resonance and quantum opf6s Most
of the new optical phenomena that are based on population
trapping can also be observed in spin systems; in particular it
should be possible to design and construct a maser without
for T=2mm/ws,. Although coherences on the wo electron ;0 g tr?e populations gf the electron spins. Magnetic

spin transitions are still created by the transfer from nuclea esonance spectroscopy is particularly well suited for the
coherer_wce and by the Raman Process, they cancel each Ot@?ﬁdy of the underlying principles of these coherent effects,
at the time where echo formation would be expected.

since the experiments are straightforward and can be easily

In mor mmon experimen lation an heren :
tra inoseitsgtiong arz %eore ?:otri, Fec;(pus?r;[c% a?lga(s;? fgu(ra e?_?erformed on commercial spectrometers at room tempera-
pping Pex, ure. In retrospect, we would like to stress that partial trap-

ergy levels corresponding to a doulte configuration are lEi_ng of populations is a feature of a sizable number of widely

with k=4l 4l;. For 7=(2n+1)7w/ w3, andk=1 the system
is prepared in a state where conditigtO¢) is fulfilled, so
that the population of levell) is trapped. This state recurs

involved. Such cases that can again be described by the pro Sed pulse magnetic resonance experiments, though it has

uct operator fqrmalism in a transparent and straight.forwar ot been recognized before the optical community described
way will be discussed elsewhere. An electron spin eCthhe phenomenon

modulation sequence, where in the view of our new insight
the population trapping situation is still a rather simple one, We thank Walter Lenmler for the preparation of the po-
has recently been proposed by Borbagl. [23]. tassium hydrogen malonate single crystal. Financial support

We now briefly summarize the main differences betweerfrom the Swiss National Science Foundation is acknowl-
coherent optics and magnetic resonance experiments relatedged.
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