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Superhyperfine interactions in inhomogeneously broadened paramagnetic
centers observed via a hole-burned free induction decay

S. C. Drew? and J. R. Pilbrow
School of Physics and Materials Engineering, Monash University, Victoria 3800, Australia

P. J. Newman and D. R. MacFarlane
School of Chemistry, Monash University, Victoria 3800, Australia

(Received 18 June 2002; accepted 14 November 2002

Superhyperfine interactions in inhomogeneously broadened paramagnetic centers are observed
using a single high-turn-angle microwave pulse. The free induction signal that follows the
hole-burning pulse exhibits oscillations that are distinct from the oscillatory free induction decay
observable in some inhomogeneously broadened systems. It contains frequencies characteristic of
the superhyperfine splittings, together with a zero frequency component. Experimental examples of
the effect in both orientationally disordergubwdered and structurally disordere@lassy systems

are presented and compared with the conceptually similar Fourier transform electron paramagnetic
resonance detected nuclear magnetic resonance experiment, together with numerical simulations.
© 2003 American Institute of Physic§DOI: 10.1063/1.1535425

I. INTRODUCTION tive w/2 pulse transfers the electron polarization pattern
(holes created by a selective pulse into EC in the form of a

b In c;\_lectr(;n paramagnetlc re;_or:_ar(&bPR), the resonar][_t FID, which contains only a zero frequency component and
absorption of microwavémw) radiation by a paramagnetic the sublevel frequenciesThe FID following the second

system can be .measured by monitoring the component Of_t ulse contains only the frequencies of the holes, because all
magnetization in a plane transverse to an externally applie

o . ther EC excited by the short pulse decays within the spec-
magnetic field,By. In Fourier transform EPRFT-EPR), y P y P

X . . . trometer dead timg.A two-pulse method for studying
spectral information can be obtained by applying a mw puls‘?wclear coherencesitilizes the NC created by a selective
to rotate the magnetization into the transverse plane and the(gr) pulse, which is transferred into EC by a nonselectiva
monitoring the electron Zeeman coherence in the form of ’

. . o . ulse at a later timd; the FID after the second pulse is
free-induction decayFID), comprising a superposition of Eb b

. . X measured at a fixed point as a functionTofand contains
precession frequenges corresponding fo the EPR level Spl'h'wodulations at the sublevel frequencies. Last, in the
tmg_s. If the pulse is strong and short enoggh, then a larg xtended-time excitation scherha,nonselectiver pulse re-
portion of the EPR spectrum can be excited at once an

Fourier t ¢ i t the FID sianal vields all Cth cuses the EC created by the long, weak pulse into an echo,
ourier transformation of the signalyields altor part the 5 5q intensity exhibits a beating between allowed and for-

EPR spectrum. For most solids, a short, nonselective MWidden magnetic dipole transitions

pgtlsg \m" rdesutljt tm the fdtehcay of ;h? frtge-lnduc;tmn Z'QH"’:I In the present case, we show that the long and weak mw
within the dead time ot the mw detection System, due 10, 56 alone, can be used to detect sublevel splittings in in-

inhomogeneous broadening of the EPR line. A selective m omogeneously broadened systewia the generation of

pulse, however, burns a hole into an inhomogeneous ling .. the hole-burned FIBMB-FID). This perhaps unex-

¥vhose W'dthl apipr_?ac?etﬁ thelhorr?og?rr:eo%s IlnteW|dthf. Tr:_Fected result is not related to the microwave-induced transi-
requency seleclivity ot the puise has the advantage of ge ory oscillations discussed by Braunschweimal,” where,

erating a FID that can be used to obtain high resolution field- . L .
: ) nterestingly, they suggested that large hyperfine interactions
swept pulsed-EPR spectra in both ordéradd disorderet? ! gy, they sugg ge nypertine | I

may distort the oscillatory FID. Hole-burning experiments in

systems. EPR are based upon optical hole-burning techniques. For

It can alsp be used to det.ect th_e superhyperfine St.rucwréexample, the FT-EPR detected NMR experiment is the ana-
(shf present in the spectrum in various wasg. 1. Appli- log of the optical hole-burning technique of Nakanishi

catlo_nﬂof a mwl putlse of Iapprotprglltje dll,lra;uon anrclj strength&t al.® where the FID exhibits beats arising from superhy-
can influence electron polarizatid&P), electron coherence perfine structure.

(EC), and nuclear coherend®C). A number of two-pulse
experiments are possible which exploit each of these to megr
sure electron-nuclear interactions. In a FT-EPR detected’
nuclear magnetic resonan®MR) experimerit a nonselec- The phenomenon cannot be adequately described using
the extended-time-excitation concept because the linear re-
dpresent address: Center for Magnetic Resonance, The UniversitgIme Sgg)proxmatlon h0|d§ 0.n|y for S.’m.a” nommal flip
of Queensland, Brisbane 4072, Australia; electronic mail: aNgles The present qualitative description C0n5|de_r5 the
simon.drew@cmr.ug.edu.au case of a simpl&=1/2, | =1/2 four-level system and, given
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FIG. 2. Schematic of aB=1/2,|=1/2 system, showing changes in popu-

lations of the energy levels associated with the allowed transitions 1-3 and
> 2-4 by selective excitation of the forbidden transition 1-4 with a hole-
burning mw pulse.
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tions has an effective flip angle close o= 7. Treating the
levels involved in the forbidden transition as a virtual two-
level system, the populations of the upper and lower electron
spin manifolds are consequently equaliz&dg. 2). By in-
verting the magnetization of the on-resonance forbidden
t transition, the magnetization associated with the allowed

FG. 1. Pul N hich | ecti cat e 10 ob transitions(of the same spin pacKetwith frequency offset
. 1. Pulse schemes which employ a selective excitation pulse to observe . - . )
superhyperfine interactionga) Extended-time excitatiofEC); (b) FT-EPR @, and wpg, IS therefore md're_CtIy_ brought '_nto the _trans

detected NMREP); (c) low frequency nuclear coherencC); (d) quan- ~ verse plane(EC). The magnetization associated with the

tum beat FID(EC). other (off-resonancg forbidden transition of the same spin
packet is unaffected. An analogous argument follows for the
spin packet with the other forbidden transition on-resonance,
that a stand-alone hole-burning mw pulse represents thexcept now the frequency offsets of the transverse magneti-
preparation part of the FT-EPR detected NMR experimentzation are—w,, —wg

© l present instance, in order to observe the beats in the HB-FID,
T T the mw pulse should be applied for a time long enough such
| |—) that the magnetization due to on-resonance forbidden transi-

we use similar concepts invoked in the latt¥'to explain For the two spin packets with on-resonance allowed
the former. The key physical ideas will therefore only betransitions, the effective flip anglg,> B so that the mag-
briefly summarized. netization in this instance nutates many times in a plane per-

The inhomogeneous line may be viewed as being compendicular tow, in the timet, it takes to invert the levels of
prised of a superposition of many spin packets differing onlythe on-resonant forbidden transition. Depending on the pre-
in their frequency offset'®? The pulse has a bandwidth cise flip angles; and the ratid , /1, the final orientation of
that is narrow enough to excite only a single transition in athe magnetization vector of the on-resonant allowed transi-
given spin packet, so that within the inhomogeneous lingion may lie anywhere between its equilibrium position and
there will exist only four spin packets with on-resonanceinversion, so that it contributes a zero frequency component
transitions. For selective excitation, the effective rotationof variable magnitude depending on its measurable trans-
angle of the magnetization corresponding to each of the transerse component. Note that the off-resonant allowed transi-
sitions is weighted by the transition moment. In particular,tion within this spin packet is unaffected and that the off-
the effective flip angle for the forbidden transitions is givenresonant forbidden transitions make negligible contributions

by*10 to the transverse magnetization due to the fact tHat
_ L <Ba.
Bi=witpsiny= wltp‘/l_’ @ The coherently detected FID is therefore comprised of a

wherew, is the magnitude of the mw magnetic induction in dc component, together with the sublevel frequencies
angular frequency unitst, is the length of the selective wg. When there exist couplings with nuclei of spir 1/2, it
pulse,l = sir?  is the transition probability of the forbidden is not possible to completely remove the dc frequency com-
transitions, and # is the angle between the nuclear quanti-ponent by a judicious choice of, since a single forbidden
zation axes in theng= =1/2 states. The effective flip angle transition can only couple two allowed transitions. When one

for the allowed transitions is or more (generally inequivalentnuclei are coupled to the
B R paramagnetic spin, higher quantum transitions involving
Ba= w1tp COSn=Bilall. @) combination frequencies of the splitting due to each nucleus

In the usual instance wheye,~ 7/2 for the generation of a are possible. These involve spin flips of the electron together
FID following a /2 pulse, the transverse magnetizationwith nuclear spin-flips of more than one coupled nucleus;

(EC) corresponding to the forbidden transitions is small, bysuch multiple spin-flip transitions have smaller transition

virtue of their small transition probabilityl {/| ,<1). In the  probabilities than single spin-flip transitions.
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FIG. 3. C{'-doped ZBLAN glass;t,=2000 ns, 9.7 GHz, 2.7 KB, FIG. 4. Cé"-doped metaphosphate glass:=2000 ns, 9.7 GHz, 2.7 K,
=3200 G.(a) HB-FID; (b) FT-EPR detected NMR. B,= 7000 G.(a) HB-FID; (b) FT-EPR detected NMR. The trailing edge of
the preceding mw pulse can be seen in each.

IIl. EXPERIMENT

The ZBLAN glass samples were made within the Schoolestimated by comparing the applied mw field strenBth
of Chemistry, Monash University as outlined in a previous(measured with the transmitter monitavith that required to
publication'® The composition of the base glass by weightoptimize a primary echo using /2 pulse of 16 ns:
percent was: Zrif53%), BaF,(20%), LaF;(4%), AlF;(3%), (Bt Vv
NaF(20%). This was doped with 1000 ppm Cu The Bo=0,,= 0, ——"2PL _ 62 57 L 3)
Metaphosphate glass sample was supplied by Dr. Don Ball P P (B)patpo V2
(University of Capetownand prepared by Professor G. A. where 6,, is the turn angle of the selective mw pulsg,
Saunders qr)d Dr. Richard Martiuniversity of Bath, UK.  —2000 ns,ty,=16 ns,6,,= /2, andV is the voltage mea-
Its composition was (CGs)0,01(Y 203) 0.1 P20s) 0.80- sured by the transmitter monitor. Clearly, the accuracy of the
All spectra were obtained with a Bruker ESP380E FTvalues obtained in this way are limited by the visual optimi-
spectrometérequipped with a Bruker ER4118 X-band di- zation of the primary echo and therefore the quoted nominal
electric resonator, an Oxford Instruments CF 935 liquid heturn angles are only intended to be a rough guide. The fre-
lium cryostat ad a 1 kW TWTamplifier. A LeCroy 9450A  quency domain spectré@igs. 5 and §were obtained using
300 MHz digital oscilloscope was used to record the tranthe Bruker WIN-EPR software by shifting the zero of time to
sients. The main attenuator setting of the spectrometer wagmove the dead time, subtracting the unmodulated decay
adjusted to optimize a Hahn echo using a 16mf8 pulse.  using a polynomial fit, apodizing with a hanning window
Using this setting, the power of the hole burning pulse wasunction, zero-filling to 1024 points and taking a magnitude
then varied using the level potentiometer of the mw channelFFT.
The FT-EPR detected NMR experiment used three mw chan-  An example of the HB-FID in amrientationally disor-
nels, one for the selective pulse and two to carry out thejered system is given in Fig. 7, where the beats due to re-
phase-cycling sequene®,0-(0,7), which removed the EC mote protons in polycrystalling-irradiated alanine can be
(including the HB-FID created by the selective mw pulse. seen superimposed upon the oscillatory FID. Here the nomi-
The signal was averaged over 2000 shots for each step of thel flip angle can easily be extracted from the number of
phase cycle, while the HB-FID was averaged over 400Gransitory oscillations present in the FITAn oscillatory FID
shots. Time-domain spectra were apodized with a hanningannot be seen in the glasses presumably because of the dis-
window prior to fast Fourier transfornFFT) in order to  tributions of spin Hamiltonian interactions that result from

counteract the influence of the decay of the FID. the structural disorder.
IV. RESULTS
Figures 3 and 4 show the HB-FID following a 2s V- NUMERICAL SIMULATIONS
rectangular pulse for the €t-doped ZBLAN glass and the As a model system, we consider the simplest case of a

Ce**-doped metaphosphate glass, respectively, as a functiggingle crystal possessing an axial rotating frame Hamiltonian
of the mw power. For comparison, the FT-EPR detectedneglecting nonsecular terpnand isotropicg tensor

NMR experiment is also shown at the same corresponding .

mw power and scale. Interactions due to weakly coupled 0~ (€0~ @m) ST @l ASIFBSy, )
matrix nuclei can be seen as indicated in Figs. 3 and 4. Thetherewy=gB.Bg /% is the electron Zeeman frequenay,,
nominal flip angleB, indicated next to each spectrum was the microwave frequency, and,=—g,8,Bq/% is the
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VILa/Nﬂ/Al
B0= 6.31
F
Vi &:47‘[
B(): 13n
I N e
Bo=257m
By=8n
/\r/\,M Bo= 387 ! : ‘ . (
0 10 20 30 (MHz) 0 500 1000 1500 (1)
Bo=62.5m ®) FIG. 7. HB-FID of y-irradiated alanine powder (1@y) obtained from

0 10 20 30 (MHz) excitation at the central resonance of the EPR spectfofn width
~25 MHz); t,=1000 ns,wn,=9.7 GHz, 100 K. The quantum beats due
FIG. 5. Frequency domairimagnitudg spectra corresponding to the to remote protons can be seen superimposed upon the oscillatory FID. The
CUw?*/ZBLAN system of Fig. 3. The scales i@ and (b) are not compa-  (arbitrary high power attenuation settings weffeom top to bottor 33, 27,
rable. 21, 18, and 15 dB. The approximate value & was estimated from the
number of transitory oscillation@ef. 7).

nuclear Zeeman frequency. The secular and psuedoseculdue isotropic hyperfine coupling strength. The hyperfine split-

components of the hyperfine interaction are given by tings are related to the coupling parameters via
A=T(3cog #—1)+a,, (5) A 2 [B\?]?
wa= Eiwl + 5 (8
B=3T cosésiné, (6) k
where and the allowed and forbidden transition probabilities are
determined from
0\ 99nBebn
TZ(E T ) |0~ H(0, 7 0p)’

is the dipolar coupling constant. Heedefines the angle @a®p

between the electron-nuclear axis and the static magnetiwzhere meaningful values df,,l1{=<1 are only obtained for
field, r is the electron-nuclear separation, ang represents 0at 052 201= |0, — wp|. (10)
The same hypothetical parameters as used by Wacker and

Schweiger are utilizet, namely a ratiol,/1{=100 and
(a) » ®

Vi nuclear frequencies ob,=8 MHz, w;=18 MHz. Using
v ,r\\ Egs. (8)—(10), this corresponds to hyperfine parameters of
j A A~10.04 MHz,B~2.095 MHz, andw,~ —12.95 MHz and
I Bo=63m A therefore weak hyperfine coupling( <2|w,|).
[ l\ The model system was simulated using the density op-
,\Il \\ H erator approach with a home-writte(fORTRAN 90 program
e s L AL N based upon exact solution of the Liouville equation. Compu-
I/' \ A tation of propagators of the formu=e 'A' was accom-
| \ / plished using the eigenvalue-eigenvector decomposition of
N e By=25m /\/j T the nXn Hermitian matrixA and by noting that the expo-
5 nential can be expressed in the following form:
f\./\// L‘. . Bo=38T o Nrrrrereres e 1A= g IZAZN= 7.g7iALZT, (11)
0 10 20 30 (MHz) & 1 20 aF (M where thenxXn matrix Z=(z,,...,z,) contains thenx1

FIG. 6. Frequency domain spectra corresponding to tHé ®gstem of Fig. ei_genVECth_Szj of A andA= diag(_)xl,...)_\n) is a diagonal ma-
4. The scales irfa) and (b) are not comparable. trix containing the corresponding eigenvalugs. In this
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@ ®) disordered systems, since a large anisotropy leads to a strong
orientational dependence of the beat frequency. This results
e —— in a decay of the free-induction signal within the spectrom-
eter dead time due to destructive interference of the free
precessional phase factors during orientational averaging.
[N _ A Thus, only interactions with weakly coupled remote matrix
T af nuclei are expected, as is commonly the case in ESEEM of
. disordered systems, for exampfeThe strength of the beat
I i . signal for orientationally and structurally disordered systems
MAANVAVAVS will therefore depend on the weak couplings to a large num-
ber of remote nuclei.
0 500 1000 1500 (o) 0 S0 1000 1500 (ns) Both the HB-FID and FT-EPR detected NMR experi-
_ _ ~ments rely on inhomogeneous broadening of the EPR line. A
FIG. 8. Simulations of&) HB-FID and (b) FT-EPR detected NMR experi- g.00,ancy selective mw pulse excites on-resonance forbidden
ments. Both@) and(b) are drawn to the same scale. Simulation parameters: o . o . }
g=2, A=10.04 MHz,B=2.095 MHz, w, = — 12.95 MHz, T',,=25 MHz, transitions, which indirectly alters the population difference
tee=2 1S, t,,=10 ns. of the allowed transitions that share a common energy level
with forbidden ones. The ensuing FID contains precession
signals at frequencies characteristic of shf interaction split-
form, the computation of the exponential is trivial becausetings_ A zero frequency component will also be present due
exddiagQs,...Ap)]=diag(expAy],....exp\,]). Equation(1l)  to the excitation of spin packets with on-resonance allowed
can be verified term by term using a series expansion of thgansitions. It is expected that as increases, those forbid-
exponential. den transitions with larger transition probabilities will have
Excitation at the center of a Gaussian inhomogeneougeaks approaching maximum intensity in the Fourier spec-
line with I'i;,=25 MHz was assumed, the line shape beingtrum whilst those with smaller transition moments will still
accounted for by using a weighted summation over all resope increasing in height. Indeed, the intensity of the combina-
nance frequency offsets, which was approximated by 50@on frequency peaks in Fig.(6) continues to increase rela-
point histogram in the range:3 standard deviations. The tjye to the single spin-flip transitions with larger mw powers.

N
YA A

full width at half maximum,I';,,, of the Gaussian is related In comparing the experimental FT spectra, is must be
to the standard deviatioAw by noted that different width window functions were chosen for
I the HB-FID and FT-EPR detected NMR experiments, in or-

Aw=—"" (12)  der to best enhance the data in each. Therefore, a comparison
v2In2 of their absolute intensities should not be attempted. How-

A 2 us rectangular mw pulse was assumed. For the FTEVeT it is clear from the time domain data, whose intensities
EPR detected NMR simulation, this was immediately fol-r€ comparable, that the strength of the beating in the HB-
lowed by a nonselective 10 ns/2 pulse together with a FID is relatively weak. In comparing relative peak intensities
two-step phase-cycléd,0—(0,m). To make the intensity of Within each experiment, where the spectra are all drawn to
HB-FID simulation comparable, it was performed twice andthe same scale, it is seen that an increase in mw power leads
its intensity accumulated. The data were output in a format0 & faster decay of the free induction signal and hence
suitable for analysis using the WIN-EPR/Xepr software. ~ Weaker, broader low-frequency features.

The results are shown in Fig. 8 for three values of the ~ The use of a pulsg§=Ty , whereTy defines the phase
nominal turn angles3, of the hole-burning pulse. In both memory time, means that transverse relaxation processes are

experiments, a beat signal can be seen superimposed updftive during the preparation pulse so that EC is already
the transitory oscillations. The valugg,=5.027 and B, reduced at the start of the detection period. However the use
=10.05 correspond to effective flip angles gf= /2 and  Of & shorter pulse requires a largey to turn the forbidden
Bs=r, respectively. The latter represents the condition formagnetization by the same amount, which in turn leads to a
the maximum population difference that can be created fophorter FID due to the increased excitation bandwidth. This
the allowed transition sharing the common energy level andnakes identification of the low frequency modulations more
consequently for the maximum modulation depth of the FIDdifficult and there will exist an interplay betweéh, , w,
in both (a) and (b). The modulation depth produced by ob- andt, for optimal sensitivity and selectivity. It may be in
serving the EC immediately following the HTA pulse is some instances thdt, is too short and; too small to even
clearly much smaller than that obtained by observing the ERpartially rotate the forbidden magnetization while maintain-
ing an observable FID.

The qualitative description given in Sec. Il suggests that
for ideal selective excitation, thé;= = pulse in Fig. 2 may

The numerical simulations considered only the modelbe interpreted as creating both a hole of ddgthnd a maxi-
system of a single crystal possessing an anisotropic hyperfimaum measurable EC for the coupled allowed transitions;
interaction and a large inhomogeneous linewidth. On thehus in the absence of relaxation, the signal from both the
other hand, only superhyperfine interactions with very smalHB-FID and FT-EPR detected NMR should be comparable.
anisotropy were observed in the experimental spectra of th¥et the numerical simulations negletf, and T, relaxation

VI. DISCUSSION
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///’\ or techniqqe per se. We have shown that a hole-burning mw

Py e Féij[gs] pulse applied to inhomogeneously broadened systems can
- [ produce beats in the free-induction signal. This HB-FID
| 500 yields the superhyperfine frequencies of coupled nuclei with

(ideally) the intensity of allowed transitions. We were re-
stricted to rectangular mw pulses but clearly shaped pulses
J | 300 would offer a more ideal excitation profile for these pur-
poses. The qualitative description of the phenomenon is
similar to that used to explain the FT-EPR detected NMR
experiment and the two have therefore been directly com-
pared. The former relies on the measurable EC following the
hole-burning pulse and is limited By, relaxation, while the
latter utilizes the EP pattern burnt into the EPR line and is

FIG. 9. Field depend  the HB-FID fime domain of thé GZBLAN therefore effectively limited by ;> T, relaxation. Although

. 9. Fle epenadence o e - Ime aomain o . . .

at an arbitrary high power attenuator setting of 20 dB. A skyline projectiont[he eXp_e”men,tal examples shown herein ha\(e ylelded only

along each axis is shown. interactions with weakly couple@temote nuclei, the ideas
are equally applicable to any paramagnetic system with hy-

) ] ] ) ~perfine interactions and a sufficiently large inhomogeneous
and still the modulations in the HB-FID are relatively quite \yidth.

weak. This may be attributed to the decay of the EC resulting

from the finite excitation bandwidthhw, the characteristic

decay time being of the orderA&. The more complicated

sinc-shaped excitation profile for the rectangular HTA pulseACKNOWLEDGMENT

would also contribute unwanted off-resonance contributions ]
in the form of the transitory oscillations and may also be ~ One of the authoreS.C.D) wishes to acknowledge the

expected to further reduce the transverse decay time. financial support of the Monash Graduate Scholarship.

Whereas the shape and depth of the holes will depend on

the relative length oft, and Ty, the decay of the EP is

rimaril rmin >T), and hence the FT-EPR de-
P % Nyl\ﬁ;tf) e.d b)rrl.” 'i" and be ce the . de . 1J. A. Coelho Neto and N. V. Vugman, J. Magn. Resb25, 242 (1997.
tecte : eat signal wi away_s_ e strqnger, as 'S_ _Se_en_lmR. H. Fritsch, P. Heer, K. Holczer, and D. Schmalbein, Electron Mag-
all experimental examples. In addition to higher sensitivity, it netic Resonance of Disordered Systeeted by N. D. Yordanoyworld
also possesses higher resolution because the linewidths in thgcientific, Singapore, 1989pp. 59-69.
FT spectra are narrower than in the HB-FID. This is most 3'54' 2;%";'(236;; Pilbrow, P. J. Newman, and D. R. MacFarlane, J. Phys.

. R 9 , .

evident in Fig. 5b),. where .the Légl peaks can be separated 47y, wacker and A. Schweiger, Chem. Phys. L&86, 27 (1997,
from the N&¥Al?’ interactions. It is therefore apparent that °S. A. Dzuba, I. V. Borovykh, and A. J. Hoff, J. Magn. Resd33 286
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