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Paramagnetic relaxation as seen by nuclear resonant forward scattering of synchrotron radiation
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Nuclear forward scattering of synchrotron radiation, which can be regarded ssbileer spectroscopy in
the time domain, is a very promising tool for the investigation of dynamic phenomena. The interpretation of
the resulting time-dependent intensity of the scattered radiation can be achieved by incorporating the stochastic
theory of line shape into the program package SYNFOS, the theoretical basis of which has been described in
an earlier papdiHaaset al, Phys. Rev. B66, 14 082(1997)]. This is demonstrated by means of measurements
carried out on the paramagnetic iron porphyrin comples(CH;COO)(TP,,P)] ™~ that exhibits dynamic effects
due to spin-lattice relaxation at temperatures around 10 K.

I. INTRODUCTION -1
wi=exf —e/(kgT) | 2 exd —ep /(keT)]}
In Ref. 1 formulas have been derived that describe nuclear a
resonant forward scattering of synchrotron radiation by rang, is the energy of théth spin substateT is the temperature
domly oriented®’Fe complexes in the time domain. The am- of the sample, anéty is the Boltzmann constant. In the in-
plitude of the coherent field of the scattered radiation hasermediate relaxation casege., for moderate transition
beerldescribed as the Fourier transform of the response fungtes, comparable with the hyperfine splitting of the nuclear
tion R,z of the system in the frequency domain that is de-levelg such an approximation fails and the fluctuations of
termined by the forward-scattering amplitudes of the indi-electronic spin§; must be taken into accou{\§|—>§[e'(t)].
vidual nuclei. A paramagnetic system is, e.g., an iron-Hence, the formulas presented in Ref. 1 must be modified for
containing molecule with unpaired spins that couple to aapplications that include time-dependent nuclear hyperfine
total spinS The (2S+1)-fold paramagnetic degeneracy of HamiltoniansH(O)(e)(t),z

the Fe ion can be lifted by the zero-field and Zeeman

interaction$ [spin-Hamiltonian approximation, see also Eq. Il BASIC FORMULAS
(8)]. Then an internal magnetic field is induced at the posi-
tion of the nuclei caused by the sp#p, and the hyperfine In the present contribution the paramagnetic relaxation is

coupling of the nuclear levels may be different in value andconsidered as a sequence of stochastic Markovian jumps of
direction even for equivalent sites and for equivalent orienthe electronic spin§ between the spin substates, where
tations of the paramagnetic complexegHere § §Ire|(o):§| . Probabilitiesw,, of the transition jumps!’

=(¢{"|S| (%) is the expectation value of the electronic —!(&/=<&,/) satisfy the detailed balance condition:

spin S in theIth spin subsystem. wy=exd (g —&))/(kgT)]w;/, . (1)
So far the coupling of the electronic spin of the Fe ion to
the “heat-bath” type subsystems of the samgjgonons, In this approximation the evolution of the nuclear hyper-

spin subsystem of the sample, ¢teas been neglected in so fine states during the scattering processes is determined by

much as we have assumed the paramagnetic relaxatiothe Liouville operatoﬁ'4

caused by such couplings, to be slow. In Ref. 1 the case of

fast paramagnetic relaxation, i.e., random transitions be- |::(1/ﬁ)7—(>r‘]+i\iv, 2)

tween electronic spin substates, has been considered, too. In

this approximation, the fast and frequent relaxation transiinstead of the exact time-dependent operatb(t)

tions are causing a stationary internal field that is determinee- (1/4)H(t). HereH> is the superoperator, associated with

by the thermal average of the spin vector the nuclear hyperfine Hamiltonia®t&®® in the slow relax-
ation limit, i.e., its matrix elements are

=3 WS (1 R = (F 1 HE 1) 80
where = HHON Y 86008y, ()
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wheref andi indicate the hyperfine substates of the excitedthe electron spin relaxation are different for the different

and ground nuclear |eva’v\v is the relaxation matrix with the transitions. ThUS, the relaxation effects in the time-domain

elementsw, | 8;;, 8¢, where the diagonal elements are deter-SPectrum cannot be simply reduced to a single exponential
mined as factor, which would describe the general acceleration of the

decay of the scattered pulse, but more subtle changes in the
beat pattern have to be expected. In the range of moderate
Wi = _E, Wi (4 relaxation rates each transition is characterized by its corre-
! sponding line broadening,, . As a result, both a faster decay

In such a stochastic model the resonant transition frequencies the pulse in total and a smearing of the beat pattern takes
in the forward-scattering amplitudes are determined by thelace. When the relaxation becomes fastgf, (>|w,|) the
operator[ (o —w, —iI'/2)E—L]~1, wherew, is the transi- situation changes. Now most of the transitions become very
tion frequency in the case of zero hyperfine splittiigs the  broad with small relative weights. On the other hand, we get
transition width determined by the lifetime of the excited I',(8,¢)—0 for the intense transitions. Thus, a pronounced
state of the nucleus, arffl is the unit operator. After diago- duantum-beat structure of the scattered radiation pulse ap-
nalization of this operator the mean forward-scattering amPears again, although its shape is altered because a smaller

pIitudesfaB(w) obtain the following form: number of transitions is associated with it. The number of
such transitions is (R2+1)(2l,+1) for each orientation

_ — ™ 27 (2w within paramagnetic complexes. The conditions of the fast

fop(w)=(877) (b/d)fo sin adefo dedy relaxation limit as described above are fulfilled in this case

and the corresponding formulas, which have already been
given in Ref. 1, can be used in calculations.

le Wi 2 (—D* Note that the fast decay of the pulses of coherently scat-
pop ==10 tered radiation in the case of intermediate relaxation does not
Xy W (4,0,0) g i (5,0, ) mean that decay of the excitation produced by the primary
synchrotron radiation pulse in the sample is switched off.
2 — ; Due to incoherent processésuch as incoherent or mul-
X ’ ) - + ) ’ - 1 H : H H
; A’“‘ (0:9)L ot on(f,1)=i172] tiphonon scattering or electron conversidhis decay goes

on until the sample loses the stored energy. The nuclear life-
5) timeI' ' is the characteristic relaxation time for this process
where, 6, ¢ are the Euler angles, which specify the orien-of energy relaxation. Simultaneously, however, an intensive
tations of the complexes, ard,, ,(¢,6,¢) are a combina- dephasing phenomenon takes place in the sample caused by
tion of the Wigner functionlelw,(zp,a,cp), which couple the pargmagnetic relaxation of intermediate rate. A similar
the transition matrix elements in laboratory and moleculaid®phasing effect could be caused by the way also by a sub-

reference systents, stantial variety of the nuclear transition frequencies. Thus the
phase memory of the system can be destroyed in a time
I, = (1/f2)(D}M_ Dl_lﬂ) interval that is much shorter thdii *. This phase relaxation

of the system causes the decay of the coherent nuclear po-
larization as well as the decay of the strictly forward directed
pulse of coherently scattered radiation coupled to such a po-
. 1 1 larization. Exactly the behavior of this forward-scattered
HW:('/‘/?)(DlﬂJr DZ1,)- 6) pulse of radiation has been studied in this paper as well as in
d is the geometric andly, =4b the effective thickness of the Ref. 1. The situation here is analogous to the paramagnetic
absorber. In Eq(5) the renormalized transition frequencies resonance experiments where the stages of the transversal

and

@n(6,¢,1) are complex quantities, (loss of the phase m(_amorymd the .Iongitqdina(lqss of the
excess energyrelaxation can be distinguished in the relax-
wn(0,0;1)=Q,(0,0;1)—iT'(0,0;1)/2, (7) ation process.

To calculate the forward-scattered synchrotron radiation
ulses the programsyNFos (Ref. 1) has been modified to
nable its application to the systems where the intermediate

aramagnetic relaxation takes place. The case of the interac-
X (2l g+ 1)X(2S+1), wherel, andl, are the values of the b d b

o\ . . tion of the electronic spin with the acoustic phonons of lon
nuclear spin in the excited and ground states, but instead QNTO P b 9

the relati iohts of the t i h | avelength, conventionally denoted as direct process of
€ refative weights ot the transitions we have complex quangyin_|attice relaxation, has been considered in the Debye

tities K(:,)Lr now. continuum model. Here the one-phonon transition probabili-
When the relaxation transitions of the electronic sgin ties fore;<e;, have been expressed as follows:
are uncorrelated in different ions the response function of the

systemﬁaﬁ(w) can be expressed in terms of the forward- [(e; —&)/ks]P
scattering amplitudes. The only difference here is that the Wi =W . 8
forward-scattering amplitudelEq. (5)] are modified com- exd (e —e))/(kgT)] -1

pared to Ref. 1. The complex shifts of the transition energies

and of the corresponding frequenci@$ that are caused by Two additional fitting parameters appear in E8):

that have a fixed orientation. The number of these transition

wheren numerates the nuclear transitions in the complexeg
is the same as in the case of slow relaxationlq(2)




PRB 61 PARAMAGNETIC RELAXATION AS SEEN BY NUCLEAR . .. 4157

2 T T T T T T I LIS L L L B
E a2 1.0 finsmmis
10 w =100 mm-s" J
oF 1 0.995
10 3
E E 0.99
10" /A E 0.985
F T T T 1 T T T 3
10" ;‘ -1 é 1.0 Famad
F w=20mm-ss 3 . &
10°F 3 0.995
E /\ 3 S
-1 = 4
[ S | S NG ® 099
- ] R
10'F 4 3 = e
F w=55mms" } 2 1.0 sy,
10° _ _ g 0.998
F E ® 0.996
10"E E =
2 1 T T T T T T T E
10'E 1 _; [} 1.0
® § w=45mms 3 0.998
*qc‘) 10° F . 0.996
5 .l 3
-~ ‘
101% =1.0mm-s" _ O
oF w="1 R 0.995
10°F E
i ] 0.99
-1 N . . 4
10%, T B T r . r = I Y H NP U B B B
i 1 8 6-4-202 46 8
10" E 0 -1 F 1
g w=0mms - 3 velocity (mms™)
10° g
- ] FIG. 2. Conventional Mossbauer spectra of complex
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S=1%, with effective thicknessTy=20 and values of

_ _ 1
FIG. 1. Theoretical calculations of the nuclear forward scatter”xy,z/9nBn=—50T and AEq=2mms* chosen for the
ing for the relaxation rates as indicated for a system with electrodlyperfine parameters is exposed to an external filg,

Spin S= %’ hyperfine parametergxyzlgnﬂn: 50 T’ and AEQ = 75 mT at a temperature Of 100 K The transition I’ate from
o S _ 1 r_ 1 . .

—2 mms tin an external field of 75 mT applied perpendiculakto | =2 10 I"=+73 is assumed to be given by Er) with

andg. p=3 and the rate for the reverse transition by EL.

With Bapp=75mT, it follows that €, — &)/kg=0.1K so

(1) The constantv, that determines the strength of spin- that for T=100K one getsv=w;,=w; =wX 1K Be-
phonon coupling. It depends on the electronic transition mac@use the timescale for dephasing is determined by the hy-
trix elements, phonon frequency distribution parametersperfme_f_r_equgnme_s, it is realsonable to exggess the transition
etc.*® but its dependence on the spin substate inditgsas  Probabilities in units of mms" with 1 mms™ correspond-
well as on the temperature of the sample are neglected in oiffg 10 7.3<10"s™%. As the orientation of the applied field
approximation. was chosen perpendicular to directibrand the polarization

(2) The power indexp that equals exactly to 3 in the & of the incoming beam only the twtm=0 transitions are
Debye approximation. Its variation enables us to compensatexcited. Therefore at=0 mm s * essentially only one mag-
to some extent the imperfection of the coarse continuunmetic hyperfine frequency is observed, which is slightly
model® modulated due to the powder average because this leads to
different orientations ofV,, with respect to the effective
magnetic field at the position of the nucleus. At fast relax-
ation the effective magnetic field is only 75 mT so that not

In order to visualize the effects induced by paramagnetienore than the much slower electric quadrupole frequency is
relaxation, the time-dependent forward-scattering intensityisible. Aroundw=4.5mm s, which corresponds approxi-
has been calculated for a simple case and the resulting curvesately to the splitting between the twbm=0 resonances,
are presented in Fig. 1 for various relaxation rates. It is asene can recognize the manifestation of the dephasing. From
sumed that a polycrystalline ferric low-spin system, i.e.,Fig. 1 it can also be verified that the curves start-ad ns

IlI. COMPARISON WITH EXPERIMENTAL DATA
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FIG. 3. Time dependence of the nuclear resonant forward scat- FIG. 4. Time dependence of the nuclear resonant forward scat-
tering by the complexFe(CH,COO)(TP,;,P)]~ measured in an ex- tering by the complexFe(CH;COO)(TP,;,P)]~ measured in an ex-
ternal field 6 4 T applied perpendicular th and at the tempera-  ternal field ¢ 2 T applied perpendicular th and g at the tempera-
tures as indicated. tures as indicated.

with the valueb?, which is 25 forT,,=20, due to the nor- strengtb 64 T and was applied perpendicular to the wave
malization of the forward-scattering intensity that resultsvectork and to the polarizatiortelectric-field vector o of
from Eq. (5). the incoming beam.

The so-called “picket-fence” iron porphyrin complex The fits in Flg 3 indicated by the full Iines were per-
[Fe(CH,COO)(TP,,P)] ™~ has been extensively studied by us formed for all temperatures b_y means of one single value of
with respect to its paramagnetic properties because it formd.65x 10°s™* K2 for the scaling parametew,. The mag-
to some extent a model complex for the cytochrome P460 ofetic hyperfine-coupling tensor had to be readjusted slightly
the multiheme enzyme hydroxylamine oxidoreductaies ~ compared to our original analysis &,,=6 T and slow
a high-spin ferrous complex and its spin-Hamiltonian paramJelaxatiort giving A,,/g,8,=—16.5T and A,/g,B8,=
eters have been determined in Ref. 1 at 3.3 K in an applied- 12 T. In addition, the angular integration required for the
field of 6 T asD=—0.8cm ! with E/D=0 for the zero- powder samples used in the measurement showed that a cer-
field splitting, A, /9nB,= — 17 T andA,/g,8,= — 12T for tain degree of texture has to be taken into account. T_his was
the magnetic  hyperfine-coupling  parametersAEq done by excludingg=40° from the poyvder averaging in all
=4.25 mm s for the quadrupole splitting, angi=0 for the fits, with # denoting the angle betwedy,, and the molecu-
asymmetry parameter. Figure 2 shows the conventiondhar z axis. The deviations between theory and experiment
Mossbauer spectra obtained at various temperatures in a fiebdblow 30 ns are due to the tail of the prompt peak and spu-
of 4 T applied perpendicular to thgray. The spectra taken rious bunches on top of it. In addition, it is striking that the
at 12 and at 22 K clearly exhibit the progressive collapse okexperimental data taken at 14 K and at 18 K show more
the magnetic hyperfine splitting due to spin relaxation. Fig-contrast in the beat structure than the theoretical spectra. This
ure 3 gives the corresponding time-dependent nuclear resis probably due to effects that have been neglected up to now
nant forward-scattering spectra taken with the setup availabl@ the theory. The attenuation of the radiation pulse by elec-
at beam line BW4 of HASYLAB in Hamburg from a sample tronic absorption when passing through the sample or the
of effective thicknes3,=20. The external field had again a finite transversal and longitudinal coherence lengths might,
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e.g., limit the dephasing and suppress the manifestation dfecome complex quantities as they result from the diagonal-
the smearing effect to some extent. ization of the corresponding Liouville operator, the form of
Measurements performed in an applied fiefd2oT with  which is well known in conventional Mgsbauer spectros-
the same orientation as for 4 T are presented in Fig. 4. Theopy from the stochastic theory of line shape. Data taken
same value fow, applies, but again the magnetic hyperfine-from the iron porphyrin compleXFe(CH;COO)(TP;,P)]~
coupling tensor had to be reduced a little by takingin external fields of 2 ath4 T have been successfully inter-
A, y/9nBr=—15.5T andA,/g,B,=—11. The fit could be preted in the framework of this theory and the presence of
improved markedly by using an extended spin-Hamiltoniarthe direct process of spin-lattice relaxation in the temperature
including cubic and axial fourth-order spin terfhs, range between 3 and 30 K has been proven. This example
demonstrates that the interpretation of experimental data

1 E from systems that exhibit time-dependent hyperfine interac-
_ 2 - E @ ystems that exhibit time-dependent hyperfine interac
Hs=D|S; 3 S(S+1)+ D (S Sy)} tions is possible in a satisfactory manner by incorporation of
1 1 the stochastic theory into the SYNFOS program package.
The advantages of the application of nuclear forward scat-
+= +Si+S,— —S(S+ 2+3S—
6 a S;l Slyl Slzl 5 S(ST1)(35+3S 1)} tering for the study of dynamical phenomena as compared to
1 Mossbauer absorption spectroscopy are expected to result
4+~ F[355%—30S(S+ 1)S2+ 2552 — 6S(S+ 1 from its sensitivity to phase shifts of the beats, because in the
180 [ 55‘21 o 15+ 255, ( ) time-domain amplitudes are added and not intensities as in

5 ) . the energy domain, and from the exploitation of polarization
+3S%(S+1)°]+ BSyB, 9) effects. However, to demonstrate these advantages in detail
with a=1.2 cm* andF =3.0 cmi L. Obviously, the effect of We will r_1eed further stud_ies. Thus in the present work, it was
these fourth-order terms had been insignificant before in th@rédominantly the technical aspects such as the small size of
presence of the strong Zeeman interaction. the sample used and the reduction in measuring time that
have made the method attractive.

IV. SUMMARY
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