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1. Introduction

Nuclear Magnetic Resonance (NMR) is a physics phenomenon first observed by Isidor
Rabi in 1938. [1] Since then, the NMR spectroscopy has been applied in a wide range of areas
such as physics, chemistry, and medical examination. In this paper, | want to briefly discuss

about the theory of NMR spectroscopy and its recent application in condensed matter physics.
2. Principles of NMR

NMR occurs when some certain nuclei are in a static magnetic field and another oscillation

magnetic field. Assuming a nucleus has a spin angular momentum I[= hm;, then its magnetic
moment /i is

f=yl (1)
The y here is the gyromagnetic ratio, which depends on the property of the nucleus. If we put such

a nucleus in a static magnetic field §0, then the magnetic moment of this nuclei will process about

this magnetic field. Therefore we have, [2] [3]
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From this semiclassical picture, we can easily derive that the precession frequency w,

(which is called the Larmor angular frequency) is
wo = VB 3)

Then, if another small oscillating magnetic field is added to the plane perpendicular to §0,

then the total magnetic field is (Assuming EO is in Z direction)



B= ByZ + By (cos(wt) X + sin(wt) ¥) 4

If we choose a frame (X', y', 2" = 2) rotating with the oscillating magnetic field, then the

effective magnetic field in this frame is

A~

Berr = (Bo—2) 2+ Bi¥’ (5)

As a result, at w = yB,, which is the resonant frequency, the Z component will vanish,

and thus the spin angular momentum will precess about §1 instead. Furthermore, if the time t that

the oscillating field is applied and the Larmor frequency w, = yB; satisfies
wot =m/2 (6)

The spin will rotate 90° and therefore into the xy-plane. Such a pulse is call a 90° pulse.
Similarly, a pulse that will rotate the spin by 180° is call a 180° pulse which is twice as long as a

90° pulse.

However, because in general the sample consists of many atoms, the NMR signal measured

is the combination effect of all these atoms. Each atom has two states in a given magnetic field B, ,

which are
E = tuB, (7
So, the energy difference is
AE = 2uB, (8)

Therefore, the ratio of the amount of atoms in two difference states obeys the Boltzmann

distribution,
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The net magnetization of the sample along z axis is
Mo = u(N, — N_) = Nutanh(;2) (10)

Consequently, after a 90° pulse, the net magnetization will be rotated to xy-plane.

Afterwards, the net magnetization will decay exponentially due to the thermal relaxation, which



is known as spin-lattice relaxation, and dissipate energy to the lattice. In the end, the net
magnetization will recover back to Z direction. During the spin-lattice relaxation, the net

magnetization in Z direction is

t
M,(t) = My(1—e ™) (11)
T in the equation (11) is called the spin-lattice relaxation time.

Besides spin-lattice relaxation, the net magnetization will also start to dephase after the
90° pulse. The reason is that each spin is in slightly different environment and its precession
frequency thus differs from y B, by different amounts because of the magnetic dipole interactions
[2], even though the difference is small. As a result, the net magnetization in xy-plane after the

90° pulse will decay exponentially, which is known as spin-spin relaxation.

t

M,y (t) = Mge T2 (12)
T2 in equation (12) is called the spin-spin relaxation time.
3. Experimental Method Used in NMR Spectroscopy

In the experiments, there are usually two ways to get the NMR spectroscopy, the free
induction decay and the spin echo

measurement.

The free induction decay is
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Figure 1. Free Induction Decay (FID) nuclear magnetic

field B,. A sample signal in time resonance signal seen from a well shimmed sample



domain is shown in figure 11. By doing the Fourier transform on the signal in time domain, we
can get the NMR spectroscopy in frequency domain and therefore find the resonance frequency
of the specific nucleus that we measured. Moreover, from the signal in time domain, we can
observe the decay of the peak, which is caused by spin-lattice relaxation, from this decay we can

also figure out the T1 for the certain nucleus.

The spin echo measurement is more complicated than the free induction decay. In spin
echo measurement, a 90° pulse is first applied on the sample, which will rotate the net
magnetization to the x axis as discussed before. Then the spins start to dephase and rotates in xy-
plane at different rate. After a short period of time 1, a 180° pulse is applied and therefore flips
the spin in xy-plane. After the 180° pulse, because all the spins are flipped and they have to
rotate in the same direction all the time, the spin will start to gather again and eventually come
together in -X direction after the amount of time . If the signal is measured from this time, then
we can get a similar signal in time domain as in figure 1. This whole process is illustrated in

figure 22 [4] (However, the time label is different from the discussion here).
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Figure 2. The magnetization a.) Before any pulses b.) After the 90° pulse c.) The pulse begins to decay
d.) After the 180° pulse e.) When the pulse reforms
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In the practical use, both methods have their own advantages. In the experiment setup, a
LC circuit (used for amplifying the pulse intensity) consisting of a coil and a proper inductor is
usually used to add the oscillating magnetic field on the sample. Therefore, for the free induction
decay, after the 90° pulse, it will take a short period of time to let the pulse in the coil decay and
vanish completely before we can measure the signal, since the pulse is in general much bigger
than the NMR signal from the sample. However, if T1 in the sample is much smaller than this
required time, then the measured signal will be really low because of that. In spin echo
measurement, however, because there is a time interval T between the 180° pulse and the start of
the measurement, usually the decay of 180° pulse will not interfere with the signal. The time t
can be chosen as any value as long as most of the spin has not gone back to the equilibrium
position. Nevertheless, spin echo measurement also has its drawbacks. For example, there are
more parameters to adjust in spin echo measurement, the length of 90° and 180° pulse, , etc.

Therefore, sometimes it will be hard to get a good signal with spin echo measurement.

4. Applications of NMR in Condensed Matter Physics
In general, NMR technique is suitable for any nuclei that have non zero spin, such as *H,
2H, 13C, 2"Al, etc. Among all of them, *H and *3C are two of the widely used atoms. In recent

years, the NMR spectroscopy of $3C has been used a lot in the study of organic superconductors.
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did the *C NMR study in one of the organic
superconductors, B"'-(BEDT-TFF)4[(H30)Ga
(C204)3]*CsHsNO: in order to study the
superconductivity near charge instability. By
measuring the 3C NMR spectra, they have
observed that the single peak was found at 14
K, but it broaden and split into two peaks as the
temperature lowers (Figure 3). [5] However,
there are still a few possible explanation for this
observation. In order to find the right reason for
the peak split, some other experiments were
done, such as the measurement of the NMR
shift, the full widths at half maximum
(FWHM), and T1 (Figure 4 and 5). From the
FWHM measurement, the abrupt increase of the
measurement was observed near 12 K and can
be therefore determined as the onset
temperature of the NMR spectra splitting.
Moreover, the measurement on the resistivity
also shows that the electrical properties are
changed near 12 K. Since the FWHM
measurement shows that the line width of the
NMR spectra does not change with the external
field, it can be therefore concluded that the
splitting is not caused by the magnetic
transition, which predicts a dependence in the
external field. Also, in the measurement of the
resistivity, the transition temperature for
superconductivity Tc can be determined, which
is much lower than the onset temperature 12 K

under different magnetic fields. As a result, a
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Figure 4. (a) Temperature dependence of NMR
shift in 8T. (b) FWHM measurement at 4 T and 8 T.
(c) In —plane resistivity measurement
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transition to superconducting phase can be also excluded as the reason for the splitting in NMR
spectra. After excluding all other possible reasons, the experimental results in NMR study
suggest that the splitting is ascribed to the charge instability, and therefore in B''-(BEDT-
TFF)a[(H30)Ga(C204)3]*CsHsNOz2, a charge-disproportionate state is achieved at low

temperature.
5. Summary

NMR is a phenomenon that has been discovered for a long time. Throughout the time, the
basic experimental methods for NMR measurements are free induction decay and spin echo
measurement, both of which have their own advantages. In recent years, NMR study is still
widely used in condensed matter physics. One of the most recent results is the 3C NMR
measurement in a specific kind of superconductor, p"-(BEDT-TFF)4[(H30)Ga(C204)3]
*CsHsNO2. From the NMR study, the authors conclude that this material undergoes a change to a
charge-disproportionate state at low temperature, and also propose a relationship between the

charge instability and superconductivity.
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