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Chapter 1

Electron Spin Resonance

1.1 Introduction

Electron spin resonance - ESR (also known as electron paramagnetic resonance - EPR)
is a spectroscopic method for studying the splitting of electron energy levels in a mag-
netic field. The basic phenomenon is that transitions between Zeeman levels in a static
magnetic field are generated by an electromagnetic wave of the appropriate frequency.
For this to happen, the strength of the static magnetic field and the frequency of the
magnetic field oscillating in time must satisfy a certain relationship (resonance).

NMR (nuclear magnetic resonance) has much in common with ESR, only there the
magnetic resonance is realised on nuclei. However, there are significant differences in
the experimental techniques of ESR and NMR, mainly because the magnetic moment of
the nuclei is much smaller than that of the electron. While in a typical NMR device the
oscillating electromagnetic field has a frequency of a few hundred MHz and the associated
static magnetic field is of the order of 10 T, in a typical ESR device the transitions are
induced by microwaves of frequency =~ 10 GHz (A = a few cm), "biasing” the sample with
a static field of a few tenths of T. Today, ESR devices are also available that operate in
higher magnetic fields and thus at higher frequencies - at the microwave or far-infrared
boundaries.

In contrast to NMR, where today almost exclusively pulse mode (Fourier transform)
instruments are used, most ESR spectrometers (including the one used in our lab) are
continuous wave (CW). Therefore, in this syllabus we will only deal with the spectroscopic
aspects of magnetic resonance, not with the dynamical aspects of the phenomenon.

ESR is a non-analytical method and, unlike NMR, it is not suitable for identifying
unknown substances, except in exceptional cases. The information obtained from the
ESR spectrum (line position, shape, width, intensity and, in the case of multiple lines,
their spacing) allows us to infer the local environment of the atom or molecule that
is giving the signal, and its subtle changes due to temperature change, illumination,



chemical reactions, etc.

The most commonly studied materials by ESR are: transition metal complexes, or-
ganic free radicals, triplet molecules, impurity atoms in semiconductors, colour centres
in ion crystals, conduction electrons in metals or semiconductors. Of particular note is
the fact that information on biological samples — with the help of built-in spin labels
— cannot be obtained by other methods using ESR.

This measurement provides an introduction to ESR spectroscopy. First, the basics of
magnetic resonance will be discussed, followed by the most important knowledge about
the g-factor and the hyperfine interaction, related to the measurements to be performed.
The measuring equipment is only dealt with in broad outline, more detailed information
is available at the measurement site.

1.2 The basics of magnetic resonance

The basics of magnetic resonance can be understood at a (semi-)classical or phenomeno-
logical level (Larmor precession, Bloch equations ...). However, this would only be ad-
vantageous if the dynamical aspects of the phenomenon were also addressed (pulse exci-
tation, spin-echo experiments ...), since a correct quantum mechanical treatment of these
is rather complicated. In contrast, the mapping of energy levels — typically done in a
continuous wave ESR spectrometer — is much easier to handle quantum mechanically,
and therefore only the latter is dealt with in this syllabus, for the former we refer to the
bibliography.

1.2.1 Simple quantum mechanical picture

Consider a microscopic object with both magnetic moment ;i and angular momentum

- -,
Y

J(= hy), and the following relation holds between them:

fi=nJ. (1.1)

Instead of the v gyromagnetic ratio, it is usual to introduce the dimensionless and
unit-order g-factor, which is a proportionality factor between the moments measured in
their natural units. The natural unit of the angular momentum is A and that of the
electron magnetic moment is pup = eh/2m, ~ 0.92740 - 10723 joule/tesla, the so-called
Bohr magnet. With this

i = —gKBJ, (1.2)
where the negative sign is due to the negative charge of the electron.

Consider the simplest case where, in the absence of an external magnetic field, the
energy of the system does not depend on the orientation of the angular momentum. A



chosen energy level is then (25 4 1) times degenerate. The interaction with an external
magnetic field B is given by the Hamiltonian operator

Kz = —/Ié = —~JB = gqué (1.3)

(Zeeman interaction, see Appendix F1). Here B can be either static or time-dependent.
In the case of magnetic resonance, two types of external magnetic field are used: a
static field B%, which splits the initially degenerate energy levels, and a time oscillating
field Elsm(%wt), which is used to create transitions between the energy levels split by
E{).
If we choose the direction By as the z-axis, then the eigenvalues of K can be simply
expressed by the magnetic quantum number m = j,:

E(m) = Ey+ gupBom (m=—j,—j+1,..7). (1.4)

As an example, Figure 1.1. shows Zeeman splitting for 7 = 3/2.
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Figure 1.1: Zeeman splitting for j = 3/2

It is well known that a perturbation that varies harmonically in time, such as the
interaction gu Bj'l%sin(%wt) with an oscillating magnetic field, can only induce a tran-
sition between two energy levels if the condition hv = AF is satisfied, where AFE is the
energy difference between the two levels. According to the basic formula of the time-
dependent perturbation theory, the probability of a transition |m >— |m’ > per unit
time is .

Py =210/l | < m/|gupjBi|m > 2. (1.5)
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Knowing the effect of the operators ]z, Jy and j. on the elgenstates of j., it follows

immediately that only the component of B, perpendicular to Bg can induce a transition,
and only if the selection rule Am = m/ —m = =+1 is satisfied. Since the difference gupg By
between any neighbouring levels is gupBy , we can substitute this into the relation
hv = AFE expressing the energy conservation to obtain the

hv = gupBy (1.6)

resonance condition.

A few comments on what has been written:

The relation (1.1) is guaranteed by the Wigner—Eckart theorem when restricted to
a set of sublevels that differ only in the quantum number m. For different sublevel
groups v, and hence g, can have different values, an example being the Landé
g-factor of isolated atoms (see Appendix F1).

In the case of condensed matter, the dominant contribution comes from the spin
of the electrons due to the phenomenon of orbital angular momentum freezing (see
later), hence the name of the method (ESR).

Typically (e.g. for transition metals or triplet excited state molecules), there is
no complete degeneracy even in zero magnetic field in the case of S > 1/2 total
spin (zero field splitting) due to the anisotropic environment and/or the spin-spin
interaction. A group of sublevels with energy difference in zero magnetic field not
exceeding the order of the Zeeman splitting when the magnetic field is turned on
can be treated by a so-called effective spin Hamiltonian operator, where 25.¢¢ + 1
is equal to the number of considered sublevels, including nonlinear terms in S.

The degeneracy of the energy levels of an atom or molecule containing an odd
number of electrons can only be eliminated by a magnetic field (Kramers theorem).
In a zero magnetic field, each energy level is at least doubly degenerate (Kramers
doublet), where the two states can be obtained from each other by time-reversal.
Such a system, i.e. one containing electrons with uncompensated spin, can always

be probed by ESR.

In quantum electrodynamics, the fulfillment of the resonance condition corresponds
to the absorption or emission of a particle (photon) with energy hv and spin A.

The (1.6) resonance condition only determines the ratio of By and v, not their
absolute magnitude. In practice, it is advisable to work in a static magnetic field
as large as possible By. What are the advantages of this? The value of By is
typically a few tenths of a tesla - this corresponds to a microwave frequency of
v ~ 10 GHz.



1.2.2 Energy absorption, the role of relaxations

In the ESR measurement, we vary the magnitude of the static magnetic field By at a fixed
microwave frequency v. If the resonance condition (1.6) is satisfied, the sample absorbs
energy from the microwave field and this is detected. Due to the finite lifetime of the
energy levels — in accordance with the Heisenberg uncertainty relation — the spectral lines,
as in any spectroscopic method, are not Dirac-delta narrow, but have a finite half-width
(Figure 1.2).

absorption

hv/gug By

Figure 1.2: ESR absorption curve

Now let’s look in a little more detail at how energy absorption occurs! For simplicity,
consider N electrons with spin S = 1/2! Let the population of the lower energy Zeeman
level be N; and the population of the higher energy level be N, of course N = N; + Ns.
From (1.5), it is immediately clear that the oscillating field produces a transition between
the two orientations of a selected spin with equal probability P in both directions. In one
case energy is absorbed (absorption), in the other case energy is released (induced emis-
sion). The net energy absorption from the microwave field per unit time is determined
by the population of levels:

dE

In thermal equilibrium, the ratio of occupancy of levels according to the Boltzmann

distribution:
Ny grpBo

EZG kT, (18)

At room temperature, kT ~ 4-1072! J, while the energy difference of Zeeman sublevels is
orders of magnitude smaller even in a space of 1T: gupBy ~ 10723 J. Then, by expanding



the exponential function in series, we obtain that the difference in occupancy, n, will be
proportional to the total number of spins:

Ny
Ny — N,y F_l 9By
n=N, —No= —=.N= =2 &~ -N 1.9
YORTON 4N, M1 2T (1.9)

By measuring the absorbed energy, i.e. the intensity of the ESR signal (the area under
the absorption curve), the number of uncompensated electron spins in the sample can
be determined with appropriate calibration. In other words, the magnetic susceptibility
of the component giving the ESR signal can be measured in a clean way, as opposed to
static susceptibility measurements, where it cannot be separated from other factors such
as the diamagnetic contribution.

However, the above is only true if the effect of microwave fields on populations is
negligible. In fact, the perturbation oscillating with resonance frequency would push
the system out of thermal equilibrium, more precisely — due to the equal probability of
absorption and induced emission processes — it would equalize the occupancies by itself.
At the same time, however, by eliminating the microwave field, the spin system returns
(relaxes) to its thermal equilibrium state due to various microscopic processes. The
relaxation to equilibrium can be described satisfactorily in most cases by an exponential
time function with relaxation time 7). The outcome is determined by the competition
of these two simultaneous processes. The time variation of the difference in occupancy
is given by the following equation (why?):

(1.10)

Here nyq is the value corresponding to the thermal equilibrium, derived from the Boltz-
mann distribution. The stationary solution of the equation (1.10) is:

)

_ 1.11
"I oprTy (1.11)

From these relations it can be seen that for small irradiance powers, as long as
2PT) << 1, the spin system remains in thermal equilibrium. In such a case, the en-
ergy continuously absorbed from the microwave field can be instantaneously transferred
by the spins to their environment through their rapid relaxation, the energy absorbed
being ultimately used to "heat” the sample. As can be seen from (1.7) and (1.5), the
intensity of the ESR signal is proportional to B;2, i.e. the power of the microwave irra-
diation. At high microwave power, the spin system cannot get rid of the pumped energy
fast enough, and the occupation of the levels is equalized. This is called saturation.

Again, some comments on what is written here:



e Any process in which the spin of an electron is subject to a time fluctuating inter-
action (spin-orbit, spin-spin ...) leads to relaxation.

e Two types of relaxation times are commonly used to describe the approximation
of the spin system to thermal equilibrium. The mentioned relaxation time T
is due to the interaction with the environment and is therefore called the spin-
lattice relaxation time. Since the difference of the occupancies changes, i.e. the
resulting magnetization in the direction By changes, T is also called longitudinal
relaxation time. If the resonance condition is satisfied, the magnetization will have
a component perpendicular to EO_ To reach thermal equilibrium this must also
disappear, but for this the spin system does not need to exchange energy with
its environment, the interaction between the individual spins within the system
is sufficient. This process can be described by a so-called spin-spin or transverse
relaxation time T5. Thus, Ts, or 11, is the characteristic time constant for the spin
system to reach thermal equilibrium with itself or with its environment.

e If the width of the ESR signal is purely due to the finite lifetime of the levels, we
speak of homogeneous broadening. Since T, < T} and even more typically To << T}
, the homogeneous ESR signal width is proportional to T, !. Sometimes, spins do
not feel exactly the same local magnetic field and this leads to an inhomogeneous
broadening of the ESR signal. The simplest reason for this is when the resultant
of the dipole field of the spins in the sample, added to the external field éo, shows
a scattering in the interior of the sample according to the location.

e The v-dependence of the continuous ESR spectrum (and hence the go-dependence)
is the same as if we leave the spin system alone after a short pulse excitation and
take the Fourier transform of the time response. The purely exponential relaxation
process is therefore corresponded to a Lorentz curve in the continuum spectrum.
If inhomogeneous broadening dominates, the ESR signal is Gaussian.

e In the case of non-equivalent but interacting spin systems (e.g. electrons and
nuclei), the saturation of one component changes the population of the other com-
ponent and thus the intensity of its magnetic resonance signal. This is the basis of
the various double resonance methods.

1.3 Some important features of the ESR spectrum

The parameters of the ESR spectrum depend on many factors. In this section, we briefly
address two important issues: the g-factor that determines the position of the ESR signal,
and how the ESR spectrum is affected by the hyperfine interaction between electron spins
and nuclear spins.



1.3.1 g-factor

The angular momentum of an electron, and with it its magnetic moment, has two sources:
its orbital angular momentum from its motion in space (E) and its intrinsic angular
momentum, the spin (§ ). As we know, it is essentially the case that an electron cannot
be described relativistically by a single wave function, but by several (4, or 2 for low
speeds) components, whose behaviour is described by the Dirac equation instead of the
Schrodinger equation. For rotational transformations, the wave function changes for two
reasons: first, the spatial coordinates are transformed — described by E, and second,
the components are mixed — described by S. The root of all complications is that the
two types of angular momentum do not have the same magnetic moment associated with
them, in other words, the g-factor is not the same in both cases. From the Schrodinger
equation it can be deduced (how?) that gr=1, and from the Dirac equation that gg=2.
In the general case, the resultant of the two contributions determines the actual value of
the g-factor.

There are two limiting cases that are easy to handle. One is the free atom, when [,
s and j are all separately good quantum numbers. In this case, the well-known Landé
expression for the g-factor is given (see Appendix F1). However, for ESR measurements,
with rare exceptions, this is of no relevance, since atoms in solid or liquid samples cannot
be considered isolated. For a selected atom, the electrical field of its neighbours can
be taken into account by a so-called crystal potential Vi, .. It can be shown that the
expected value of L will be zero as a consequence of this crystal field (this is called
orbital momentum quenching) and therefore only the spin contributes to the Zeeman
splitting. Very briefly, the idea of the derivation is: i) V., causes the degeneracy of the
orbital momentum projections to vanish (physics), ii) the non-degenerate eigenfunctions
of the real Hamiltonian operator are real (mathematics), iii) the expected value of Lin
a real pseudo-potential can only be zero (why?) (mathematics). Consider the orbital
momentum freezing to [ = 1 in an octahedral environment.

In fact, the quenching of the orbital momentum is never perfect. This is due to the
existence of the spin-orbit interaction Kgp = ALS. Since here L contains the imaginary
unit ¢, the previous reasoning (ii) is not fully applicable. In any case, in condensed
matter Kgo << Ve , it is still true that only spin plays a role in Zeeman splitting in
the first order. In the next order of the perturbation calculus, however, the spin-orbit
interaction adds the excited states to the unperturbed ground state to a small extent,
and the expected value of the orbital momentum in the modified ground state is no
longer zero. This can be reformulated as still talking only about spin (more correctly,
now effective spin), but with a modified g-factor. To put it in perspective, spin interacts
with the magnetic field in two ways: directly (5' é) and indirectly through the spin-orbit
interaction (a combination of SL and LB).

Ignoring the exact formula, qualitatively, it is worth noting that the mixing of an
excited state with the ground state, and hence the deviation of the g-factor from gg, is



proportional to 4 (2 << 1), where A is the energy splitting due to crystal field. The
result also depends on the orientation of the magnetic field with respect to the crystal-
lographic directions, i.e. g is usually a tensor quantity. From the measurement of the
g-tensor, information can be obtained about V4, including the symmetry of the local
environment of the electron spin.

Some additional comments:

e In this section and in the following, angular moments are understood as operators
without A.

e The origin of the spin-orbit interaction is illustrative: the moving spin feels the
(central) electric field of the nucleus as a partially magnetic field (B x T x E
U X T x L). (Based on this, what is the expected dependence of A on the atomic
number?)

e The experimental value of the g-factor for a free electron, when the magnetic mo-
ment is purely due to spin, is not 2 as expected from the Dirac equation, but g.~
2.0023... . This can only be explained by quantum electrodynamic corrections.

e In single crystals, the g-tensor can be measured in its entirety by rotating the sam-
ple, in powder samples limited information can be obtained from the characteristic
asymmetric spectrum within an interval defined by gmin or gmax, and in liquids
the averaged value of the g-tensor (1/3 Trace g) can be measured.

1.3.2 Hyperfine interaction

The hyperfine interaction between electrons and nuclei (see Appendix F1) gets its name
from the fact that it gives the finest splitting of the atomic spectral lines. In the ESR
spectrum, depending on the value of the nuclear spin(s), a characteristic multi-line struc-
ture is obtained.

The dominant contribution to the hyperfine interaction in ESR is the magnetic cou-
pling between the electron spin and the nuclear spin, including the so-called Fermi contact
interaction. The latter occurs when an electron is present at a nucleus with non-zero
probability. In the following, we consider the hyperfine interaction to be the contact
interaction, which is proportional to the scalar product of the electron spin S and the
nuclear spin I

K = AST (1.12)

where A is the so-called hyperfine coupling constant (of energy dimension). A is propor-
tional to |1(0)|?, the probability of finding the electron at the nucleus.

For some characteristic nuclei, the value of I (in parentheses, the natural abundance
in % of the isotope in question):

10



TH (99.99) 1/2, 2H (0.01) 1, 3C (1.1) 1/2, N (99.63) 1, 17O (0.04) 1/2,

Cr (9.6) 3/2, 5Mn (100) 5/2, 5"Fe (2.2) 1/2, 3°Co (100) 7/2.
Now, let’s see what the hyperfine interaction in the ESR spectrum results in! Consider
an atom with S electron spin and I nuclear spin interacting with each other and an
external magnetic field BO. Choosing the direction of the latter as the z-axis, we are
interested in the Hamiltonian operator of the system:

K = g:uBBOSZ - gnucﬂnucBOIz + Agf (113)

The first and second terms are the Zeeman interaction of the electron(cloud) and the
nucleus, and the third is the hyperfine coupling between them.

The exact determination of the eigenvalues of (1.13) is not easy in the general case.
Fortunately, typically gugBo >> A (>> gnuclinueBo), S0 it is quite sufficient to consider
only the AS.I, term of the hyperfine interaction, and the A(S,I, + S,I,) part of the
interaction is considered as a small perturbation if necessary. Then the energy eigenvalues
are:

E(ms,m;) = gupBo - ms — GnucpnucBo - mr + A-mg-my (1.14)

Here mg and m; are the magnetic quantum numbers of the electron(cloud) and the
nucleus.

The ESR transition selection rule: Am; =0 and Amg = %1 (why?), i.e. for a given
(fixed) nuclear spin the electron spin tilts one, so from (1.14) the following resonance
condition follows:

hU:AE:guBBOJrA-mI:g,uB-(Bo+i-m1) (1.15)
9iB

The last equation in (1.15) suggests the following illustration: we can use the usual
resonance condition in (1.6), but note that the local magnetic field felt by the electrons
in the sample may be different for each atom. For each atom, the magnetic field generated
by its own nucleus must be added to the external field By. Since the former is much
smaller than By, only the component in the direction of By obviously matters (why?),
and this depends on the projection of the nuclear spin in the direction of By (m;), whose
possible values are discrete. The resonance condition is satisfied for atoms with different
my in different B, external field.

To summarize: the hyperfine interaction splits the ESR signal into as many lines as
the number of ways in which a given kind of nuclear spin can be aligned with respect to
the direction of the external By field. The distance between adjacent lines is equal, as
shown in (1.15). The intensity of each line is the same at room temperature (why?).

We illustrate what is described in this section for the special case S=1/2, I=1. The
figure 1.3. shows the splitting of the energy levels due to the two types of Zeeman and
hyperfine interactions in a given external field By. (Note that for clarity, the splittings
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Figure 1.3: Example: splitting of the energy levels of an electron with spin S=1/2 and
a nucleus with spin /=1 due to hyperfine interaction in an external magnetic field Bj.
We have also plotted the allowed ESR transitions (cf. formulas (1.14) and (1.15))
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Figure 1.4: Hyperfine splitting of the ESR spectrum for S=1/2, I=1

in the figure are not to scale!) Since the ESR spectrum is obtained by varying By for a
fixed hr, therefore the 1.4. figure shows the hyperfine splitting from this point of view.
The study of hyperfine spectra is particularly useful for organic free radicals, where
an electron with an uncompensated spin can interact with several nuclei at the same
time, with different A; coupling constants. In this case, instead of the simpler formula
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(1.12), the following formula is written:

Ky =S5 AT (1.16)
J

The ESR spectrum then shows multiple splittings, usually of different magnitudes:
the line split by the first nucleus is further split by the second nucleus, etc. If certain
nuclei are equivalent due to symmetries, then the coupling constants A; for them are the
same, so the hyperfine lines will fall partly in the same place.

As an example, the ESR 7stick spectrum” of the anion of the naphthalene molecule
(CyoHg) is shown in Figure 1.5. The extra, uncompensated spin electron is delocalized
to the whole molecule. Since 99% of C atoms have zero nuclear spin, only hyperfine
interactions with the 4 type A and 4 type B 1/2 spin 'H nuclei (protons) matter. The A
protons cause 5 line splittings with intensity ratios of 1:4:6:4:1 (why?), the B protons split
each line further in the same way. The extent of the two types of splitting is different.

B 8 B
B B
A A
36
24 24
6 490 uT 6
| ——i

Figure 1.5: The naphtalene molecule (top) and the ESR stick spectrum of its anion
(bottom)

By computer fitting the hyperfine spectrum of an organic radical, even in complicated
cases, the coupling constants A; and hence the probabilities of finding the electron at
each nucleus (more correctly, the spin densities) can be determined. In a sense, the wave
function of an electron with an uncompensated spin is thus traced by ESR.

Comments, questions:
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There is also the usual dipole-dipole interaction between the magnetic moments
of the electron and the nucleus, but this is usually much weaker than the contact
interaction. The result is mainly that A becomes a tensor.

For example, the derivation of the contact interaction from the Dirac equation can
be found in Reference 3. How can the occurrence of the contact interaction be
made (semi-)classically plausible?

What is the effect of the neglected A(S,I, + S,I,) terms on the energy levels
and the ESR spectrum in the first and second order of the perturbation calculus,
respectively?

Example: what does the ground state hyperfine energy structure of the H atom
look like in a zero magnetic field? What does its ESR spectrum look like?

The term "electron cloud” in the text refers to the fact that the ESR signal often
(for example in transition metal atoms) does not come from a single electron spin,
but from the resulting spin of several electrons, according to Hund’s rule.

For open-shell, many-electron atoms and molecules, the hyperfine coupling constant
A is related to the so-called spin density, which is the difference in the probability of
finding electrons of different spin(s) at the nucleus. (To calculate the spin density,
the polarization effect of the uncompensated spin(s) on the outer shell on the inner,
closed shells must be taken into account.)

If an electron with an uncompensated spin is in the L>0 state, can we get a
hyperfine splitting in the ESR? Why? Can the 7 electron of an organic molecule
produce a hyperfine interaction with a nucleus in its symmetry plane?

Practice: what ESR spectrum can be expected for benzene anion?

1.4 The measuring equipment

The operation of the spectrometer will be described only in outline, technical details will
be discussed on the spot. The schematic diagram of the instrument is shown in Figure

The sample to be measured is placed in a cavity resonator, which is also in the static
magnetic field of an electromagnet By. The microwaves are supplied by a klystron, whose
frequency is tunable by a few percent at a frequency of about 10 GHz. This is necessary
in order to tune the microwave source precisely to the cavity resonator containing the
current sample. This is because the cavity resonator only admits microwaves at a sharply
defined characteristic frequency of vy, or more precisely in a very narrow range around

14
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Figure 1.6: Schematic drawing of the microwave bridge

vy, and this characteristic frequency of the cavity can be slightly detuned depending on
the sample inserted.

The sharpness of the frequency response of the cavity resonator is described by the
quality factor Q (= v9/Av). The lower the losses (energy dissipation other than magnetic
resonance) the higher this Q) factor and thus the higher the sensitivity of the spectrometer.
Q is typically in the order of a few thousand. (What happens if we put a wet sample
in a cavity resonator?) During the measurement, the microwave source frequency is
stably locked by separate electronics at the current characteristic frequency of the cavity
resonator. The coupling of the cavity resonator to the rest of the microwave circuit must
be optimised separately by means of a screw placed at the inlet of the cavity resonator.

Microwaves propagate in waveguides (what size waveguide is needed?). Waves re-
flected from the cavity resonator are detected by microwave diodes. By varying the mag-
netic field By, the reflected wave changes slightly (e.g. its amplitude decreases) when
the resonance condition is satisfied, and the current of the detecting diodes changes. For
some reasons, it is advisable to use the so-called bridge method, which means that only
a part of the microwaves reaches the measurement arm containing the sample, the other
part propagates in a reference arm, and the interference of these two arms determines the
diode currents. Attenuating elements in the measurement arm allow the power applied
to the sample to be controlled (think of the phenomenon of saturation!). Both the am-
plitude and the phase of the component propagating in the reference arm can be varied
to set the microwave bridge to the correct initial position.

When passing through the magnetic resonance, the diode current changes according
to the absorption curve. However, this change is so small that it is comparable to the
thermal noise of the diode. In order to extract the small signal from the large noise, the
ESR spectrum is recorded using a so-called lock in technique. The idea is to introduce
a well-defined periodic (not necessarily sinusoidal) variation in time (this becomes the
reference) into the measurement process and to extract from the signal the component
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that varies in exactly the same way. Given that the noise is random, this can lead to a
very substantial signal-to-noise ratio improvement.

In practice, what happens is that the output of the lock in amplifier is a DC level
proportional to the averaged product of the measured signal and the reference, with a
certain time constant. Note that there is more to it than simple frequency filtering: the
change must be in phase with the reference signal (or in opposite phase, in which case a
negative DC appears at the output of lock in), so such an amplifier is also called a phase-
sensitive amplifier. In the present case, to pick up the ESR signal, By is sinusoidally
modulated at 100 kHz (why not at a much lower or much higher frequency?). The
amplitude of the modulation should be less than the half width of the absorption curve
so as not to distort the signal waveform. As a consequence of the lock in technique, the
ESR signal will have a derivative form (see Figure 1.7.).
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Figure 1.7: Derivative ESR signal due to lock in scanning

1.5 Questions

Before starting the measurement, you should be able to answer a few questions.
e What is ESR or NMR short for?
e What is the condition of magnetic resonance and its physical meaning?

e What is the meaning of each letter in the formula describing the resonance condi-
tion?

e What is the g-factor?
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e What is the gyromagnetic ratio?
e What is the Bohr magneton?

e s the magnetic moment of a proton greater or less than that of an electron? What
is their ratio?

e The energy of an electron shell with spin S=5/2 and orbital angular momentum
L=0 is split up to how many levels in magnetic field B?

e When recording the ESR spectrum, what is measured as a function of what?
e What is the difference between the relaxation times Ty and Ty?

e What is ESR signal saturation?

e What is the free electron g-factor?

e Why is the Landé formula not adequate for ESR measurements of condensed ma-
terials?

e How does the strength of the spin-orbit interaction depend on the atomic number?
e What is the hyperfine interaction?

e Why is the shape of the ESR signal derivative?

e What is the ESR spectrum of a hydrogen atom?

e What is the electron structure of an isolated Mn?** or Cr3* ion using the usual
atomic physics notation?

1.6 Measurement tasks

Two samples must be measured and some quantities determined from the spectra. In
one of them, Mn?* ions are embedded in ZnS as diamagnetic host, in the other one, Cr3+
ions are embedded in MgO as diamagnetic host (what could be the role of diamagnetic
host?). The Cr-containing sample can be used as a calibration material: it has a total
number of Cr atoms of ~ 8.3 - 10'3. The g-factor of Cr3* is 1.9800 & 0.0001. A brief
interpretation of the measured spectra should be included in the report.

Tasks:

1. Measure the ESR spectrum of Mn** (in ZnS)!
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2. Measure the ESR spectrum of Cr®* (in Mg0)!

3. Determine the g-factor of Mn!

4. Calculate the hyperfine interaction constant of the isotopes **Mn and *3Cr!
5. Determine the number of Mn atoms!

If there is still time, you can also choose from the following assignments:

e saturation measurement
e g-factor anisotropy measurement

e measuring concentration dependence in liquid

Protocols must be submitted individually. Everyone will also be asked some extra theo-
retical questions, the answers to which must also be written down in the reports.
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