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ISMAR-AMPERE Conference, Delft, 1980

PREFACE

The Joint ISMAR-AMPERE International Confer-
ence on Magnetic Resonance—as the 7th Internation-
al Symposium on Magnetic Resonance and the 21st
AMPERE Congress—was held under the auspices of
the "International Society of Magnetic Resonance IS-
MAR" and the "Groupement AMPERE". The confer-
ence took place at the University of Technology of
Delft, The Netherlands, 25-29 August, 1980. There
were 603 scientific participants and 62 non-scientific
participants from 35 countries. The conference ses-
sions were held in the Main Auditorium of the
University.

The scientific programme covered the full range of
magnetic resonance and radiospectroscopy and its ap-
plications in physics, chemistry, chemical physics and
biochemistry. Except lectures by invited speakers
there were short communications and poster sessions.
Also there were some special ISMAR and AMPERE
sponsored lectures.

At the Opening Ceremony the Chairman of the Organ-
izing Committee, Prof. J. Smidt, welcomed the par-
ticipants. The conference was then opened by the Rec-
tor Magnificus of the University of Technology of
Delft, Prof. F.J. Kievits, after which the President of
the Groupement AMPERE, Prof. E.R. Andrew, and
the President of ISMAR, Prof. D. Fiat, addressed the
conference.

After that Prof. Fiat took temporarily over the chair-
manship and enabled Prof. K.H. Hausser, Heidelberg,
to present the ISMAR prize 1980 to Prof. H. Dehmelt,
Seattle, for his discovery of Nuclear Quadrupolar
Resonance (with Kruger) and for the extremely
precise measurement of the electron g-factor. Prof. R.
Blinc, Ljubljana, was enabled to present an Industrial
ISMAR prize to Prof. G.R. Laukien, Karlsruhe, for his
contribution to the industrial development of magne-
tic resonance instrumentation. Prof. Dehmelt and
Prof. Laukien gave an explanation about their work.

During the conference a reception was held in the Rid-
derzaal in The Hague where the participants were the
guests of the Minister of Higher Education. During
the Dutch Evening in the Hilton Hotel in Rotterdam,
Prof. A. Abragam, Paris, addressed Prof. B. Bleaney,
Oxford, on the occasion of his recent 65th birthday. At
the Closing Session Prof. Andrew outlined the future
programme of the Groupement AMPERE and
thanked the local Organizing Committee of the
conference and the persons who assisted them, for all
their work. Prof. Andrew further announced that
Prof. K.H. Hausser will succeed him as Chairman of
the Groupement AMPERE.

Nine exhibitors took part in the Instrument and Book
Exhibition held during the conference in the Main
Auditorium and in the adjacent Applied Physics
Laboratory.

The research laboratories of the Departments of Ap-
plied Physics and of Applied Chemistry were open to
visitors during the conference.

A day-time social programme for non-scientific par-
ticipants included visits to the town of Delft, the Del-
taworks in Zeeland, Gouda and Honselersdijk.
Furtheron, for all participants there was an afternoon
excursion to Amsterdam.

On behalf of the Organizing Committee we wish to
express to many persons who helped in the successful
organization of the conference our most cordial thanks
for their hard work, enthusiasm and friendly coopera-
tion. Finally we wish to thank the chairmen and their
assistants, the lecturers and all the participants who
made the conference a stimulating scientific event.

J. Smidt
Chairman

W. Wisman
Secretary

ISMAR-AMPERE Conference, Delft
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7.3 EPR of Radicals in Gases, Liquids and Solids; EPR in Biology. ENDOR, ELDOR and Acoustic Resonance
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7.3.2. Posters
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7.4 NMR and EPR in Ferromagnetic and Antiferromagnetic, Ferroelectric Dielectric systems. Phase-transitions. Also
NQR.
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1. M. Luzar, J. S. Eliger, V. Rutar, R. Blinc
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5. Aharon Tzalmona, Jean Pourquie, David C. Ailion: NMR Determination of Structural Domains in NaCN and in

NaCN:3%NaBr

7.4.2. Posters

1. Kareem SH. Ahmed, Andrew L. Porte: Chlorine—and Bromine—N.Q.R. Studies of Derivatives of the Cyclotri-
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24. Osamu Takizawa: Magnetic Ordering in the Single Crystal of Di-P-Anisyl Nitric Oxide, Studied by NMR
25. S. Zumer: THeory of Quadrupolar Relaxation in the Incommensurate Phase

7.5. NMR and EPR in Metals, Semiconductors and Superionic Conductors. One-dimensional Structures. Novel Relax-
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One-Dimensional Magnetic Systems
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18. Lars Pettersson, Stig Haraldson: Ferromagnetic Resonance in Some Amorphous Metals
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20. Robert H. Silsbee: Novel Method for the Study of Spin Transport in Conductors
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7. C. W.R. Mulder, J. Schriever: Solvent Nuclear Relaxation in Aqueous Solutions of Polymethacrylic Acid
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RESONANCE IN DISORDERED SPIN SYSTEMS (SPIN GLASSES)

Henri Alloul

I. INTRODUCTION : SPIN DISORDER

Great efforts are presently devoted
to the study of properties associated
with disorder in condensed matter. It is
for instance well established that amor-
phous materials exhibit low T properties
which are explained coherently within a
model which applies equally well to vi-
treous insulators, metal and polymers(l).
These amorphous materials are not equili-
brium states of matter, and although their
evolution in time might be extremely slow,
the transition from liquid to amorphous
state is not a phase transition in the
thermodynamic sense. It appears interes-
ting to understand whether disorder in
magnetism, yields similar properties. By
disordered magnetic state,we mean a system
for which the interactions between spins
are such that the spins freeze in random
orientations at low temperature. How can
such a state be generated ? It is easy
to realize that disorder of spins is not
necessarily a consequence of disorder of
atomic positions. Indeed, let be conside-
red an ensemble of spins j interacting
with exchange coupling Jjk, the Hamilto-
rn" an of the total system being

= - E J,vt..t. [1]
jk JK J K

If Jjk > 0 for any jk pair, the total
energy of the system will be minimum when
all spins are parallel to each other,
which generates a stable ferromagnetic
state. This happens in some amorphous com-
pounds such as CoP, NiP and YNi (2) for
which disorder of atomic positions induces
a disorder in interaction strengths but
not in spin alignment, although some re-
markable properties such as a weak magne-
tic anisotropy are associated with the
site disorder. Therefore negative Jjk
bonds are required to generate a disorde-
red spin state as they induce some misa-
lignment of the spins. Let be considered
for instance an ensemble of spins with a
statistical distribution of Jjk symmetric
with respect to zero, and randomly distri-
buted. As T -»- 0 the system will freeze in
a state without long range correlations in

the orientations of the spins and with
zero macroscopic magnetization, which ap-
pears as a random antiferromagnet or spin
glass.

The purpose of this lecture is to re-
call some experimental properties of such
real systems, together with some questions
which are great challenges for physicists
(sec II). Then, in sec III, the original
aspects of NMR data in such materials will
be described. The interpretation of the
detected NMR enhancement will then allow
to give a simple physical description of
some microscopic behaviours of spin glas-
ses (sec IV).

II. MAGNETISM OF SPIN GLASSES :
SOME QUESTIONS

In the real world a spin glass sta-
te is for instance observed in dilute al-
loys of 3d elements bearing an electronic
magnetic moment (such as Mn) in crystal-
line noble matrices (such as copper). In
this case the major interaction between
the moments is an exchange interaction
mediated by the conduction electrons of
the host metal, and is given by

Jjk =
v-3 cos2kFRjk t2]

where a is a constant for a given solid
solution, kp is the Fermi wave vector of
the host metal, and Rjk the distance bet-
ween spins j and k. The oscillatory de-
pendence of Jjk with distance, with a pe-
riod comparable to the lattice constant
a % iT/kp therefore yields an equal proba-
bility to find > 0 and < 0 bonds in dilute
enough samples. It must be noticed that
although one deals with a crystalline ma-
terial, the disorder of sites for the ma-
gnetic moments associated with alloying
induces the disorder of bonds which is
essential to generate the spin glass state.

The susceptibility of such alloys is
found to follow a paramagnetic Curie law
X"1 <* T + 9 at high T, and a singularity
is detected at a temperature given by

the mean interactionkB



strength (fig 1). The fact that e « Tg
confirms that positive and negative bonds
have the same statistical weight (1). For
T « Tg the spin system appears to be fro-
zen in random directions, as suggested by
the host NMR (3) or impurity Mossbauer
spectra, and no macroscopic magnetization
can be detected in the absence of an ex-
ternal field. In view of the sharpness of
the x anomaly at Tg can we consider that
the spin system undergoes a phase transi-
tion at Tg ? Or is the spin glass state
a metastaBle state similar to the amor-
phous one ?

For long the remanent properties of
spin glasses have been considered as the
most serious evidence against a phase
transition. Indeed, if a sample is cooled
through Tg, in the presence of a magnetic
field HQ, which is then reduced to zero,
a small but finite magnetization a per-
sists in zero field, and decays logarith-
mically with time. This metastable rema-
nence is found quite similar to that ob-
served for a collection of ferromagnetic
isolated particles, such as the magnetite
particles embedded in rocks, this remar-
kable after effect being extensively used
for datation of potteries and for the de-
termination of the geological reversals
of the earth magnetic field (4).

Therefore, it has been thought by
analogy that a spin glass is an inhomoge-
neous medium which is spontaneously sub-
divided in independent ensembles E-j of
spins which bear magnetizationsai aligned
along individual anisotropy axes zi dis-
tributed randomly in orientation (5)
(fig 2). It will be shown here that NMR
experiments, being local probes, do allow
to differentiate inhomogeneous from col-
lective responses of the electron spin
system, and shed some light on the rema-
nent properties of spin glasses.

III. ZERO FIELD NMR : ENHANCEMENT FACTOR

In usual ordered magnetic materials
NMR can be detected in the internal field
H|_ induced on the nuclei by the magnetic
ions, and NMR signals are observed in zero
external field at frequencies

= A<S> [3]

where A is the coupling between .£he_ elec-
tronic and nuclear spins Q6= A I.S) and
g V B < S > is t n e local magnetization of the
electron spins. Such NMR signals, asso-
ciated with the 63Cu near neighbours of
Mn in the CuMn classical alloy system,
have been cietected well below TG. As in
ordered magnets the r.f. field Hi seen by

0
0«Tg Tg

Fig 1 : Inverse ac susceptibility of classical
spin glasses such as CuMn.

Fig 2 : Model description of a spin glass as an ensemble of independent
groups Ei of spins bearing individual magnetizations^' aligned
along randomly distributed anisotropy axes z i . In this model
the remanent magnetization a is build up by individual reversals
of the oi on their anisotropy axis zi in the direction of the
cooling f i e ld H~.

the nuclei is enhanced through the respon-
se of the electronic magnetization, which
has a component o\ = x x Hj at r.f. fre-
quency. This oscillatory magnetization crj.
on turn induces an r.f. local field
Hj = T) H-L on the nuclear spins which
adds to the external Hj. This response a ±
of the electron spin system is usually
well known from magnetic studies in orde-
red magnetic systems and therefore n is
easily deduced. In rare earth paramagnets
the large hyperfine fields of the ions
yield large enhancements n = K (the fre-
quency shift of the resonance), which
are mainly detected in Van Vleck parama-
gnets (6). In ferromagnets ax is associa-
ted with the displacement of domain walls
in polydomain samples, and NMR of nuclei
in the walls is selectively enhanced,
while in monodomains samples a± is due to
coherent rotation of the magnetization(7).



Conversely, in spin glasses, a good know-
ledge of v\ will give a direct insight on
the microscopic origins of the suscepti-
bility. Therefore n has been directly
measured in spin glass £u_Mn from the r.f.
pulse width tw necessary to achieve a
TT/2 rotation of the nuclear magnetization.
The data allow to demonstrate that n has
a well defined value for all detected
63Cu nuclear spins on a given shell of ,
neighbours of the Mn atoms. Moreover n
varies linearly versus H , the external
field applied along the direction of the
remanent magnetization (fig 3). The effec-
tive r.f. field (nHi) being in all cases
much smaller than the signal width, the
number of nuclei participating in the
spin echo signal increases like n- There-
fore, as seen in fig 3, the signal inten-
sity scales as n2, the second n factor
being associated, as usual, with the elec-
tronic magnetization driven by the rota-
ting nuclear magnetization at resonance.

15
CuMrU35% foils

Hc =13 kG

Fig 3 Variation of the optimum spin echo signal intensity I obtained
for the same H. value, and of the enhancement factor n versus
the applied field Hn. A unique value for H. (eq. 6} is deduced
from these data. "

Although the behaviour described here
above is quite similar to that observed in
monodomain ferromagnets, a characteristic
of the spin glass state is that n strongly
depends of the magnetic history of the
sample, and is negligible after zero field
cooling through Tg. These results will
allow us to give a new viewpoint on the
magnetostatic properties of the remanence
in the spin glass state.

IV. MAGNETOSTATICS OF THE
REMANENT MAGNETIZATION

Let be assumed, as in ferromagnets,
that all spins which contribute to the
magnetization a//z arê  rigidly bound toge-
ther. The r.f. field IV/y forces a to os-
cillate of an angle \p around x, this angle

being restricted by the anisotropy energy
which stabilizes a in the z direction. The
simplest expression for this energy is
EAsin

2ifj and the total energy of the system
in the presence of a field H0//z is given
by

E = -aHQcosijj - aH! si mp +

and is minimum for

[4]

4, = Hi/(H0 + HA)

where HA = E/\/2a is the anisotropy field.
Then

x ± = a/(H0 + HA) [5]

and the local fields H|_ on the nuclear
spins in the vicinity of the electron
spins which participate to the collective
rotation, undergo the same rotation of an
angle ty, the corresponding enhancement
factor being

n = H L/(H 0+ HA) [6]

The agreement found between equations
(5) and (6) and independent measurements
of n and x_i on the same samples confirm
the validity of the model (8). Furthermore
NMR signal intensity analyses not only
confirm that all the remanence participa-
tes in the rotation, but that most, if not
all, Mn spins are involved in the collec-
tive motion.

Fig 4 - Rotation of the remanent magnetization induced by the r.f. field-

Although these data show that a has a
magnetostatic behaviour quite similar to
that of a ferromagnet, the main difference
resides in the origin of a and H^ .While
in ferromagnets a is spontaneous and E^ is
characteristic of the material (either
crystalline or single ion anisotropy), in
spin glasses both a and EA are induced by



the field BQ applied during or after coo-
ling through Tg. They critically depend
of the magnetothermal history of the sam-
ple and cannot be defined for a zero field
cooled sample, which explains the absence
of detectable NMR enhancement in this
case.

V. CONCLUSION

The processes which yield the build
up of the metastable remanence, being
irreversible, are inhomogeneous in nature.
However, for short times, the electronic
spin system is in a quasi equilibrium
state in which all spins are rigidly bound
to each other, and respond collectively to
small applied external fields. This fea-
ture contradicts the purely inhomogeneous
picture of fig 2. Indeed for a collection
of ferromagnetic-like independent parti-
cles, both Xj_ and r\ should not vary with
o , the individual o\ and Ĥ 1 being intrin-
sic quantities independent of the macros-
copic remanence.

The NMR determination of r\ therefore
provides an original way to clarify the
microscopic origin of the susceptibility
in magnetic materials. Similar studies

should allow to differentiate the proper-
ties of various novel spin systems which
have been recently promoted as spin
glasses. Finally the thermodynamic nature
of the zero field cooled state of a spin
glass being still controversial, further
NMR data (i.e. Tj. measurements) should
help to determine some of its basic pro-
perties, such as the nature of the elemen-
tary excitations.
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THE DETERMINATION OF ROTATIONAL DIFFUSION TENSORS AND

INTERNCULEAR DISTANCES IN SOME RIGID UNSYMMETRICAL MOLECULES

FRANK A.L. ANET AND ARMENAG DEKMEZIAN

Unlike the situation in the gas phase,
the principal axes of the rotational
diffusion tensor in solution are not
necessarily parallel with the principal
axes of the inertial tensor. In connection
with steric intrinsic effects,(1) we have
been interested in the H -H, distance in
some "half-cage" compounas \I and II ).
These molecules are extremely rigid
(except for the unimportant'OR group) so
that internal motion is not a complicating
factor as it is in many other complex
molecules. However,I and II are unsymme-
trical and quite polar. Thus, the deter-
mination of the diffusion tensor requires
6 parameters , e.g. 3 rotational diffusion
coefficients (R., R~ and R, ) and 3 angles
defining the principal diffusion axes
with respect to arbitrary axes . The
highly compressed protons H and H, lead

3 D

to a marked shortening of the Cg-H, and

C--H bonds, and these distances also
have to be determined; the other C-H bond
distances are assumed to be equal to
1.093 R. I and II in their molecular
framework contain 8 carbons each bearing
at least one hydrogen, and none of the
CH vectors is parallel to any other CH
vector.

Since T. relaxation in C-H groups in
these compounds should occur virtually
entirely by dipole-dipole relaxation ,
the application of Woessner's equations
(2,3) lead to an exactly determined
solution of the diffusion tensor, provid-
ed that the geometry of the molecular
framework (i.e. excluding the OR group)
is known.

A good approximation to the geometry
can be obtained from empirical force-
field calculations. Furthermore, the
rotational diffusion in I and II are dif-
ferent and not very anisotropic, whereas
the geometry of the molecular framework
should be virtually identical. The data
for I is currently more accurate than
that for II and gives the parameters shown
in Table 1.

Table 1 . Bond distances in I.

Bond Distance (A)

VHa 1.046

1.073

1.56

The rotational diffusion coefficients
are: R = 9.03 x 10 , R, = 1.45 x 10 ,

R3 = 1.01 x 10
10 s"1 .

The principal axes of the rotational dif-
fusion tensor of I are close to, but not
coincident, with those of the inertial
tensor.

The H -H, distance in I appears to be
the shortest known distance between two
protons in any organic molecule.
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ENHANCED NUCLEAR MAGNETIC RESONANCE IN RARE EARTHS

B. Bleaney

In a paramagnetic compound, the low-
est levels of the magnetic ion may be split
by interaction with the "crystal electric
field" set up by the ligand ions. In ions
with an odd number of electrons, a two-
fold degeneracy (Kramers degeneracy) must
remain, which can only be raised by a ma-
gnetic field. In contrast, for ions with
an even number of electrons ("non-Kramers
ions") all the degeneracy may be removed
by the crystal field. If the ground state
of the ion is a singlet state, the suscept-
ibility reaches a constant value at suffic-
iently low temperatures where only this
singlet is occupied ("Van Vleck paramag-
netism"). If there are other low lying le-
vels (at say 1 0 to 20 K), as may occur in
ions of the 4f group, a substantial magne-
tic moment of the order of a Bohr magneton
can be induced in the singlet by the appli-
cation of a field of 1 tesla.

Through the magnetic hyperfine inter-
action, a magnetic field exists at the nu-
cleus of the ion, proportional to the elec-
tronic magnetic moment; for 4f ions, this
field approaches 1 0 tesla for a moment of
1 y . For a nucleus with a spin 1^0 , the
nuclear levels are split through the action
of this field by an amount much larger than
that produced by the external field. If the
induced electronic moment is proportional
to the external field, the splittings of the
nuclear levels are also proportional to this
field, and the nucleus behaves as if it had
"enhanced" nuclear magnetic moment.
Al'tschuler (1) has suggested the use of
such compounds for enhanced nuclear coo-
ling and a number of rare earth intermetal-
lic compounds have been investigated (2).
The magnitude of the enhancement can be
measured by NMR; a number of results
are given in a review by Teplov (3). When
axial symmetry is present, the nuclear
spin Hamiltonian becomes

-v,hB I -7 .h(B I +B I )+P [i2 - k ( I + l j] 0)' " z z ' L x x y y L z 3 'Jz z
)

x x y y

and some recent measurements of -y ( / , y±

are given in Table 1 . The enhancement
is generally large, and anisotropic beca-
use the induced electronic moment is str-
ongly dependent on the direction of the
applied field. The table contains one
cubic compound, Cs NaHoCl , which is
unusual in that the ground state of the
Ho^+ ion is a "non-magnetic" Tg doublet,
whose properties have been investigated
both by ESR and by NMR (7).

TABLE 1

Values of (v,/2ir), (Yll /2it) and (Yj./2ir) in MHz T~'

PrVO,,

PrNlr

(Y,Ho)VO.

Cs.NaHoCl,
I b

LiTmF,

TmPO,

Isotope

141 rPr

1 4 1 Pr

I

5/2 12.5

5/2 12.5

(V|,/2ir) (YJ./2IT) Reference

1 6 5

1 6 5

1 6 9

'Ho 7/2

'Ho 7/2

9Tm 1/2

Tm 1/2

9.0

9.0 1980

9.7

11 .3

24.5

82 164

"20 1526

77.6 (4)

(5)

(6)

3.5

3.5

1980

245

276

(7)

(8)

(9)

Within a manifold J, the most impor-
tant interactions after the crystal field
are given by the terms

J - +AJ(F. I). (2)

In a singlet state, the electronic and en-
hanced nuclear Zeeman interactions arise
from off-diagonal matrix elements of J ,
J , J with other states. They are there-
fore simply related; the induced magnetic
moment m per ion is

m/B = (3)

and m can be calculated directly from the
enhanced value of y. If the compound
contains another nucleus N, the paramag-
netic shift in y depends on the value of
m/B for the lanthanide ion, and the local
field at N can be determined from y and
y using equation (3) without the need for



a separate measurement of the magnetic
moment m. A plot of y against -y over
a range of temperature gives a straight
line whose slope is proportional to the lo
cal field at N; see references (7), (9).

Second order effects of A (J.I) in (2)f
produce terms in J , J

f
J w

(J.I)
nich are equ-produce terms in J , J , J wnich are equ

ivalent to a quadrupolar interaction. In
axial symmetry this contributes a term P
to P in equation (1), where

(4)

From this relation P can in general be
calculated more accurately than the true
nuclear electric quadrupole interactions
from the 4f electrons and the lattice. Both
equations (3) and (4) are utilized in the
work on HoVO summarized below.

At low temperatures, HoVO is highly
anisotropic in its magnetic properties be-
cause the ground state is a singlet, a l -
most entirely ] J = 0 > , with a doublet,
mostly |j = + 1Z> , at 21 cm"1 . Matrix
elements of J , J between these two lev-
els give a large value of -yj_, while y u is
enhanced very little; (Y(J/2TT) 20 MHz
T - l f o r 1 65 H o (T = 7//2) _ values of
(Yj_/2ir) range from 1 260 to 1 625 MHz T"1,
depending on sample shape because of
the demagnetising field. The latter is
consistent with the value of m/B = 2. 32
per tesla, calculated using equation (3)
from the value of 1526(3) MHz T"1 meas-
ured in (Y,Ho)VO at dilutions of 2 and
0.1 %. This value is assumed to be the
correct value also for HoVO4, the justifi-
cation being as follows. The value of
|P/hl = 25.9(3) MHz is within experim-

ental error the same as in the dilute com-
pound, and since P ? /h =+ 35.9 MHz,
equation (4) shows that any significant
variation in Yj_ would be reflected in the
value of P2 and hence also of P (see ref-
erence (6)f.

Comparison of the measured with the
calculated shift of Yx >-n HoVO. shows
that the local field at the Ho3"1" site is
mainly dipolar, with a small amount of
antiferromagnetic exchange. This field
arises from the induced electronic mom-
ents on the other Ho^+ ions, but the int-
eractions between the enhanced nuclear
moments can be deduced (1 0) using equa-
tion (3). The nature of the nuclear order-
ed state is predicted on the assumption
that exchange interaction is the same for

the four nearest (equivalent) neighbours,
and negligible for the rest. The dominant
dipolar interactions give an antiferromag-
netic state, with a whole range of novel
spin configurations. Assuming P to be
positive, T is predicted to be 4.8 mK.

Adiabatic demagnetization experiments
(11) have confirmed that P is positive, and
that T is close to the value above. Nuc-
lear orientation in fields ~ 2 tesla at about
5 0 mK gives (1 2) an improved value of (+)
3 . 60(6)^-. for the nuclear moment of the
isomer ! 6 6 mHo (1 = 7). The gamma-
ray anisotropy is consistent with the pre-
dicted ordering of the nuclear spins, and
confirms that temperatures /"I mK are rea-
ched after demagnetization, in agreement
with entropy calculations. A "spin-flop"
configuration occurs when the applied
field is greater than about 10" tesla.
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NMR STUDIES USING PARAMAGNETIC BROADENING PROBES

IN BIOCHEMISTRY

J.H. Bradbury, J.G. Collins, S. Divakar, J.R. Poster,
G.J. Galloway, B. Hammer and V. Ramesh

Paramagnetic broadening or
relaxation probes are complexes of
transition metals or lanthanides in
which the unpaired electrons of the
paramagnetic centre have a long
electronic relaxation time and an
isotropic value of the magnetic
susceptibility. The anisotropy of
the magnetic susceptibility for or-
ganic nitroxides (spin labels) is
small and hence they may be inclu-
ded as broadening probes. Examples
are given in Table 1 with appro-
priate diamagnetic control com-
pounds .

Table 1
Probes for Broadening Studies

Class Broadening Non-broadening
Probe "Control"

Cationic Gd(III) La(III),Lu(III)
Mn(II) Zn(II),Ca(II)

[Cr(NH3)6]
3t" [Co(NH3) 6]

 3 +

A n i o n i c [ C r ( C N ) d 3~ [ C o ( C N ) 6 ] 3 ~

Neutral Spin Reduced
label,probe spin label

Various organic soluble reagents
such as Tris(acetylacetonato)
chromium(III) [Cr(acac)3] are
used in organic chemistry (1).

The relaxation behaviour of
nuclei in the presence of paramag-
netic ions is described by the
Solomon-Bloembergen equations (2).
The spin-lattice Ti and spin-spin
relaxation time T2 are each related
by an equation with two terms, one
of which describes a dipolar
(through space) interaction and the
other a contact (through bond)
interaction. The contact interac-
tion is important for nuclei close
to the paramagnetic centre but may
be neglected for nuclei at a
greater distance. The dipolar
interaction is isotropic with a

distance dependence of the form
1/Ti a 1/r6, where i = 1 or 2 and
r is the distance between the para-
magnetic and the nucleus (2).

I. DETERMINATION OP DISTANCES
BETWEEN PARAMAGNETICS AND NUCLEI

The proportionality between
Ti and distance or between T2 =
1/irAVp (where Avp is the increase
in line width due to the presence
of the paramagnetic) and distance
provides a basis for the determin-
ation of distances in molecular
systems. The constant of propor-
tionality contains, in addition to
known constants, a correlation
time Tc and a knowledge of the
fraction of the broadening probe
bound at the site (2). Ratios of
relaxation times may be used in
order to avoid the direct deter-
mination of these quantities. By
this means it has been possible to
compare relative distances from a
binding site of Gd3+ in lysozyme
to protons of various residues in
the protein (3), with the corres-
ponding distances obtained from a
crystallographic study. With man-
ganese containing enzymes metal to
substrate distances were determined
which in many cases agreed with
those obtained by X-ray studies (4).
Alternatively, the broadening probe
may be incorporated into the small
molecule substrate as with Cr(III)
ATP, used to determine inter-
substrate distances (5). Spin
probes were used, non-covalently
bound and also covalently attached
at histidine-15 of lysozyme, to
determine distances in the protein
(6).

For proteins that have no
metal binding site it would be
useful to introduce one. The iso-
thiocyanates shown in Figure 1
have been synthesised and shown to
react specifically at the N-
terminus of peptides and ribo-
nuclease-A (7,8) .
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Figure 1. Isothiocyanates for bind-
ing lanthanides.

II. STRUCTURES OP OLIGOSACCHARIDES

Since the relaxation effect of
broadening probes on nuclei falls
off progressively with distance it
was possible to determine the
sequence of amino acid residues in
short peptides (9,10). For oligo-
saccharides a binding site for Gd3+

was introduced by reaction with
NaCN and hydrolysis to produce a
carboxyl group. The *H NMR reson-
ances of the glycosidic protons of
the residues were broadened sequen-
tially by addition of Gd3+ to
determine the sequence of residues
along the chain (11). The type of
link (a or 3) and its position
(l-»-2, l-»-3, etc.) was evaluated by
13C NMR for a series of oligo-
saccharides of structure [|3-Gal-
Q-»-3)]n-e-Gal-(l-*-4)-Glc, where n
equals 1 to 5, (12,13). Branched
oligosaccharides are also being
studied.

III. ASSIGNMENT OF RESONANCES

The broadening of resonances
from nuclei near broadening probes
has been used extensively for
assignments of resonances (3,14).
We have recently used Mn 2 + to
assign the H-2 resonance of His
B-10 in bovine insulin (Figure 2).
In the 2-Zn insulin hexamer the Zn
atoms are liganded to the B-10

Figure 2. JH NMR spectra at 270MHz
of Zn-insulin in D2O at pH 9-8 on
addition of Mn. Downfield reson-
ance is selectively broadened.

His residues (15) and progressive
replacement of Zn by Mn causes the
H-2 resonance of B-10 to be selec-
tively broadened (16).

For enzymes such as ribo-
nuclease which has a positively
charged active site an anion
(chromicyanide) broadens the H-2
resonances of His 12 and 119 and
an E-CH2 lysine resonance; an inhi-
bition prevents this broadening
(S. Divakar, unpublished results).

IV. PROTON RELAXATION ENHANCEMENT

The binding of a broadening
probe to a protein, causes an en-
hancement of the relaxation rate
(I/Tip) of the water protons over
that obtained in the absence of
binding. This "proton relaxation
enhancement" has been used exten-
sively with Mn 2 + and Gd3+ to deter-
mine the type of binding of enzyme-
metal-substrate complexes and bind-
ing constants (2,17).

V. HEAT RESISTANCE OF
BACTERIAL SPORES

Bacterial spores are resis-
tant to temperatures about 45°
higher than their respective vege-
tative cells (18). One theory is
that the core of the spore, which
contains the enzymes and nucleic
acids essential for viability, is
partially dehydrated. We have
studied the NMR water signal from
intact spores and spore components
(coat and coat + cortex) at dif-
ferent relative humidities. Spores
contain Ca(II), Mn(II) and other
metals. Using wool keratin as a
model substrate we measured the
effect of Mn(II) on the relaxation
rate and interpreted our results
for spores (19). This study did
not support the theory of a par-
tially dehydrated core. It is pro-
posed that the vital material in
the core is stabilised by calcium
dipicolinatej which acts as a
solid support for the enzymes and
nucleic acids (20).
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NQR SPECTROSCOPY IN AN OPTICALLY

ALIGNED NUCLEAR SPIN SYSTEM

K.P. Dinse, M. Deimling, and G. Wackerle

I. INTRODUCTION

Probing of the spin density distribution in the
triplet state of organic molecules by measuring
dipolar hyperfine interaction with protons has
been developed to a standard method. Usually
reasonable agreement between experimentally
determined splittings and theoretical values deri-
ved from the spin density matrix can be obtain-
ed. Far less experimental data are available
about the total electronic charge distribution in
a molecule, a property described by the electron
density matrix.

Quadrupole nuclei are suitable to probe this
density distribution via the electric field gradi-
ent at the nuclear site. In this contribution new
experimental methods are discussed facilitating
the simultaneous high sensitivity detection of
halogen NQR in the excited triplet and singlet
ground states of organic molecules (1). The
detection method relies on a steady state
nuclear alignment which is produced by coupling
the nuclear spin reservoir to the optically pump-
ed triplet spin reservoir. The subsequent resonant
deaiignment by a coherent rf field can be
monitored optically thus enabling the detection
of low concentration mixed single crystals. The
method has been used to measure chlorine and
bromine NQR in p-dichlorobenzene (p-DCB), p-
dibromobenzophenone (p-DBBPh), p-dichloroben-
zophenone (p-DCBPh) and sym-tetrabromobenze-
ne (s-TBB). Besides the shift of the NQR transi-
tion frequencies under electronic excitation also
components of the dipolar interaction can be
determined from second-order line shifts in zero
magnetic-field. The experiments can also be
performed in an external magnetic field allowing
for a determination of the orientation of the
field gradient axes relative to the spin-spin fine
structure axes (2).

II. THE SPECTROMETER

The NQR experiments utilizing the optically
pumped nuclear spin system can be performed
with any standard ODMR spectrometer, if the
sample can be irradiated with an additional rf
field in the NQR range. The NQR irradiation
channel actually used consisted of a programm-
able quartz oszillator (Wavetek 3000) in com-
bination with a broad band amplifier (ENI 510 L).
The rf field at the sample is produced with a 2 x

4 turn Helmholtz coil which is terminated outsi-
de of the cryostat with 50 A . This combination
can be used with VSWRO up to 40 MHz. In the
case of higher NQR frequencies (e.g. bromine
resonances) the high impedance of the coil can
be compensated using standard coaxial line
matching techniques. Other details of the ODMR
spectrometer were given in ref. 1.

III. THE RF-OPTICAL PUMPING SCHEME

The experiment performed on p-DCB was the
first to demonstrate the possibility of a simul-
taneous detection of NQR transitions in the
ground- and excited states of a molecule (1). Its
success relies essentially on the fact that first, a
highly optically aligned electronic triplet spin
reservoir is allowed to cross relax in the rotating
frame to a nuclear quadrupole spin reservoir, and
second that the net cross relaxation (CR) rate
between the two spin systems can be detected
optically using the well-known ODMR effect.

excitation

SQ

^ \ ^ rJ / Ty

/ rel triplet
/decay populations

/ n/7)
— <- n/21

ELECTRON SPIN PUMPING

\ X

r
STEADY STATE POPULATIONS \

N(S0) x x x x x 13/21

RF-OPTICAL PUMPING

Fig. 1

LO(Z-X) +OJnqr

RF-COUPLING

xxxxx

r XXXXX

zero
net tr

nduced
ansition rate

SCHEME

12



Figure 1 shows the various sublevel popula-
tions in a fictitious 5 = 1,1 = 3/2 system. The
broadband optical excitation S —•- S, is

assumed to result in different steady-state
populations of the triplet subievels T., as

indicated in fig. 1. Irradiation of the sample
with a coherent microwave field of frequency
"> = w(X-Z) +u>n leads to effective CR be

tween the electronic and nuclear spin systems
each characterized by level splittings of w(Z-X)
and

n
in the laboratory frame. Neglecting

relaxation effects, the equilibrium state will be
characterized by a vanishing induced net transi-
tion rate. Because of electron spin sublevei-
dependent phosphorescence quantum yields, this
net transition rate can be monitored optically.
As indicated in fig. 1, the resulting nuclear
alignment is not only present in the two triplet
subievels connected by the coupling field, but
also can be found in the singlet ground state and
in the "isolated" tripiet sublevel. Any change of
this alignment, either by nuclear relaxation or
induced by resonant rf fields, will finally lead to
a change of the net absorption from the
coupling microwave field and therefore to a
change of the ODMR signal.

ODMR signal

X —Z

transition

p-DCB in p-DBB single crystal

JWJ

35,'Cl- transitions

355 3.60 365

Fig. 2
Fig. 2 shows the ODMR spectrum of p-DCB

in the frequency range of the X-Z transition.
Besides the strong purely electronic transition
at o>=w(X-Z) several satellites can be detected.

Those leading to a coupling to the Cl nuclear
reservoir are separately indicated. In contrast
to the central line, these quadrupole satellites
show a time dependence of their intensity,
which can be interpreted as the time constant
of the alignment in the electronic ground
state. This time dependence is depicted in fig. 3.

In this experiment nuclear alignment first is
destroyed by irradiating the sample with an rf
field resonant with V (S ) for t < 0. At t = 0

the microwave field at u)= u>(X-Z) +U) is sud-
denly switched on. "

The intensity difference of the satellite
ODMR signals assigned to the aligned and non-
aligned nuclear spin system (see fig. 3) can be
utilized for a detection of NQR transitions in the
various meta-stable electronic states at the
molecule.

CI-ODMR Satellite Intensity

ODMR signal la.u.

^ - -signal of a non-aligned quadrupole system

— I —
200 300

mw pump time /s

Fig. 3

The conditions for successful experiments of
this type can be summed up as follows:

a) Nuclear quadrupole satellites in the
ODMR spectrum must be observable

b) the nuclear spin relaxation rate in the
ground state must be small compared to the
individual electronic excitation rate
c) the nuclear spin orientation in the various
electronic states must be similar (viz. the
electric field gradient axes including the
pseudo nuclear quadrupole interaction (3)
must be similar).

The last condition ensures that the nuclear
alignment which is actually created in the
electronic triplet state is preserved during the
decay to the ground state. These conditions are
ideally met for halogen-substituted organic
molecules.

IV. RESULTS

Fig. U shows the optically detected NQR
transitions in the excited triplet state and singlet
ground state of p-DCB.

-c

3-

A(vq(S)-vq(T))

33

Fig.fr

35 rf/MHz

The narrow resonance line at appr. 35 MHz
unambigously can be assigned to the NQR reson-
ance of the chlorine nuclei, when the p-DCB is in
its electronic ground state. This discrimination
can be done by switching off the pumping optical
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field and irradiating the sample at 35 MHz only
after a delay time of several triplet state life
times. The remaining transitions centered at
appr. 32 MHz can be ascribed to NMR transitions
in the three triplet state sublevels. The observed
lines are split by second order hyperfine interac-
tion and an analysis of the spectrum has been
given elsewhere (1).

Apparently NQR transitions in the singlet and
triplet state can be observed under identical
conditions for the dealigning rf field amplitude.
In the case of p-DCB this is due to the fact, that
the applied rf field is hyperfine-enhanced by the
large out-of-plane hyperfine component A (Cl)

=22.45 MHz. The effective rf field at the Cl
nucleus is enhanced by several orders of magni-
tude, thus compensating for the small steady
state concentration of p-DCB triplet states

(N(T1)»10"3N(SQ)). Because of the quadratic de-
pendence of the energy shifts in the triplet state
on the hyperfine tensor elements, usually only
the dominant element leads to resolved line
splittings. The residual width of the lines can be
attributed to unresolved chlorine hyperfine split-
tings.

In the Table recently determined n.q. transi-
tion frequencies v? = (e2qQ/h)(l +ij2/3)1/'2 of
the I = 3/2 nuclei 35C1, 79Br are compiled.

p-DCB
p-DCBPh
p-DBBPh
s-TBB

S = 0

34.878(2)
35.545(5)

279.012(2)
290.6(1)

S = 1

32.35(3)
35.12(5)

274.37(5)
270.2(5)

All values are given in MHz and refer to a
sample temperature 1.2K. The shift in the
quadrupoie splittings under electronic excitation
into the lowest triplet state varies from appr.
1 % for p-DCBPh and p-DBBPh to appr. 7 % for
the single aromatic ring molecules p-DCB and s-
TBB. The C ^ C ^ X ) - ^ fragment in the substi-
tuted benzophenones is not expected to deviate
from planarity in both electronic states in
accordance with the nearly constant n.q. fre-
quencies. In p-DCB a deviation from planarity
has been measured and we tentatively ascribe
the observed large quadrupoie shift in p-DCB
and s-TBB to an out-of-plane distortion of the
C-X bond.

Singlet state NQR transitions are characteri-
sed by the typical high spectral resolution of
NQR in zero external field (linewidth appr.
8 KHz). It is thus possible to directly probe the
site symmetry of the guest molecules in the
chemically mixed single crystals. In the systems

p-DCB in p-dibromobenzene, p-DCBPh in dibro-
modiphenylether (DDE), and p-DBBPh in DDE,
the halogen positions were all found to be
equivalent as expected from the unperturbed
host crystal structure.

This behaviour of "guest" halogens is differ-
ent from that of host halogen nuclei, where
recent experiments (using the same approach of
an optically pumped nuclear spin system) have
revealed, that the incorporation of guest molecu-
les can lead to a noticable change of the
quadrupoie splittings of bromine nuclei in the
nearest neighbour host molecules (4).

V. CONCLUSIONS

NQR spectroscopy using an optically aligned
nuclear spin system is proven to be sensitive
enough to detect NQR transitions of chlorine and
and bromine nuclei with a cocentration as low as
100 ppm. Because of hyperfine enhancement of
the applied rf field, transitions between the
various hyperfine levels of the triplet state
sublevels can also be measured, even when the
steady state triplet concentration is only in the
order of 1 ppm.

The resulting spectra allow the direct deter-
mination of a change of the molecular electric
field gradient at the probing nuclear site, when
exciting the molecule from its singlet ground to
the lowest triplet state.

The high spectral resolution observed for
NQR transitions in the singlet ground state
enables the determination of possible symmetry
disortions of the guest molecules upon incorpora-
tion in a chemically mixed single crystal.

The molecules investigated are typical ex-
amples of halogen-substituted organic molecules.
For such molecules one expects hyperfine coup-
ling constants in the range from 20 to 50 MHz.
Experimental evidence and theoretical calcula-
tions show, that microwave fields of appr.
100 mG are sufficient to induce CR rates in the
rotating frame between the integer S = 1 and
half-integer I = 3/2 spin systems, which are
comparable to typical decay rates from excited
triplet states.
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