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Abstract

High spin molecules (HSM) are molecules consisting of ions coupled by ferromagnetic
or antiferromagnetic interaction; these molecules crystallize in a lattice where neigh-
boring molecules are very well separated, yielding at low temperatures (temperatures
lower than the magnetic interaction between ions) molecules that behave like nonin-
teracting giant spins. When these molecules have a magneto-crystalline anisotropy
along the z axis, the energy of spin up and spin down states are equal. When the tem-
perature is high enough the spin of the molecules can flip from spin up state to spin
down sate thermally (over the anisotropy barrier), but when the temperature is much
lower than the anisotropy barrier, the only possible relaxation mechanism is through
tunneling. This behavior enables us to examine quantum effects on macroscopic
properties, and is referred to as quantum tunneling of the magnetization (QTM).

Tunneling between different spin states can only be induced by terms in the spin
Hamiltonian which do not commute with the spin in the z direction S,. This term may
be dipolar interaction between neiboring molecules, hyperfine interaction between
nuclear spins and the electronic spin of the molecules, high order spin terms, tranverse
magnetic field on the molecular spins etc...

In this work we aim at pointing out the term dominating QTM in anisotropic

molecules by studying the spin dynamics in a family of simple isotropic high spin
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molecules. These molecules are CrCug with spin S = 9/2, CrNig with spin S = 15/2,
and CrMng with spin S = 27/2.

We use DC-Susceptibility measurements to measure the magnetic properties of
these molecules, and we perform muon spin lattice relaxation measurements using
1SR and proton spin lattice relaxation measurements using NMR. We find that the
spin dynamics in these molecules is independent of the spin value, strongly indicating

that the spin dynamics at low temperatures is dominated by hyperfine interactions.
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Chapter 1

Preface

High spin molecules (HSM) are molecules consisting of ions coupled by ferromagnetic
or antiferromagnetic interaction; these molecules crystallize in a lattice where neigh-
boring molecules are very well separated. At temperatures lower than the magnetic
coupling J between ions inside the high spin molecule, the spins of the ions are locked
to each other, and the high spin molecules behave like noninteracting spins. The en-
ergy difference between the ground spin state and the next excited spin state is of the
order of J, therefore at low temperatures only the ground spin state S is populated.
This state is 25 + 1 times degenerate in first order approximation. However at even
lower temperatures the degeneracy can be removed by additional magneto-crystalline
anisotropic interactions such as the uniaxial term DS?, or thombic term E(S? — S7)
etc. When the temperature is high enough transitions between different spin states
of the molecules are thermally activated, but when the temperature is much lower
than the energy difference between spin states, the transitions between them are only

possible through a quantum mechanical process.
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In the cases where these molecules have a magneto-crystalline anisotropy, the en-
ergy of spin up and spin down states are equal. When the temperature is high enough
the spin of the molecules can flip from spin up state to spin down sate thermally (over
the anisotropy barrier), but when the temperature is much lower than the anisotropy
barrier, the only possible relaxation mechanism is through tunneling. This behavior
enables us to examine quantum effects on macroscopic properties, and is referred to
as quantum tunneling of the magnetization (QTM).

The possibility of quantum tunneling of a large magnetic moment has been studied
in small magnetic clusters[7, 8, 9, 10], which are comprised of particles with various
magnetic sizes and properties. In contrast with most ensembles of small magnetic
clusters, a sample of high spin molecules consists of a large number of chemically
identical entities that are characterized by a unique set of parameters. This feature

allows precise characterization of the sample [7, 11| and rigorous comparison with

theory.

10—
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Figure 1.1: The atomic weight of a typical memory element, as a function of time
[1, 2]

These nano-magnets could be applicable for the recording industry [2], as well as
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in information transmission and computing [12]. Figure 1.1 shows the way in which
magnetic computer memory elements have decreased exponentially in size over the
last 40 years [2]. At present computers, as well as magnetic tapes, use elements
which behave classically, and are stable over long periods of time. This stability
exists over decades because they are big, and the energy barrier between two states
of the element usually exceeds 100 kg7 even at room temperature. The hypothesized
“quantum threshold”, below which tunneling is significant even at T" = 0, is supposed
to consist of grains containing roughly 10? — 10° spins, depending on the material
involved.

In this chapter two of the most studied high spin molecules (Mnjs and Feg) will
be introduced. These molecules show clear evidence for QTM (section 1.1). Then
we will introduce the high spin molecules that we are studying (section 1.2), their

chemical synthesis and magnetic properties.

1.1 Quantum Tunneling of the Magnetization in

Mn;; and Feg

The Mnjs acetate compound, which is an example of HSM, whose formula

Mn;5042(CH3C00)16(H20)4, has been the subject of much interest since it was syn-
thesized in 1980 [13]. This molecule contains four Mn** (S = 2) ions in a central
tetrahedron surrounded by eight Mn3* (S = 2) ions, as shown in the inset of Fig-
ure 1.2. Oxygen bridges allow super-exchange coupling among the Mn ions, and
magnetization measurements at low temperature indicate a total spin value of the

Mn clusters of S = 10 [14, 15, 16], suggesting a simple picture of four inner ions
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with their spins pointing in one direction and outer ions’ spins pointing in the op-
posite direction. These molecules crystallize into a tetragonal lattice in which the
distance between neighboring clusters is 7 A, and the interaction between the clusters
is negligible. Another compound in which QTM was observed is Feg, whose formula
[(tacn)gFegO2(OH)15]8" [17]. Magnetic measurements show that Feg has a ground
spin state of S = 10 [4], which arises from competing antiferromagnetic interactions

between the eight S = g iron spins as shown in Figure 1.3.

Figure 1.2: Magnetization of Mn, as a function of magnetic field at six different
temperatures, as shown (field sweep rate of 67 mT/min). The inset shows the field
at which steps occur versus step number (with step 0 at zero field). The structure of
the Mnj, molecule is represented at the top. Only the Mn** (large shaded circles),

Mn?* (large open circles), and oxygen (small circles) ions are shown (Taken from

3])-

Experiments on the two compounds Mnjs [3, 18, 19, 20] and Feg [4, 21] show that

the main part of the effective spin Hamiltonian of these compounds is [18, 19, 21],
H = —DS? —gupH.S, (1.1)

where D is the anisotropy constant, and the second term is the Zeeman energy. The

values of D are found to be 0.547(3) K for Mnjs and 0.27 K for Feg. The eigenstates
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of the Hamiltonian are the states |m >, where S,|m >= m|m > (seen in Figure 1.6).
A simple calculation shows that the field for which two states, [m > and |m + n >,

are degenerate is

Hy=——— (1.2)

Figure 1.3: View of the structure of Feg: the large open circles represent iron atoms,
while full, hatched and empty small ones stand for O, N, and C respectively. The
spin structure of the S = 10 ground state is schematically represented by the arrows
(Taken from [4]).

Figure 1.2 shows the magnetization of Mnj as a function of the magnetic field
for six different temperatures, with the magnetic field applied in the direction of the
orientation of an oriented powder sample of Mnj,. Steps in the hysteresis loop can
be seen as the field is increased; as the temperature is lowered new steps (with higher
fields) appear, while steps with lower fields disappear. A linear fit (inset of Figure 1.2)
indicates that there are steps at equal intervals of approximately 0.46 T [3].

For Feg it was shown [4] that for temperatures lower than 400 mK the magne-
tization curve vs. the magnetic field exhibits a temperature independent hysteresis
(for a fixed ramping rate “1). Figure 1.4 shows two curves taken at 80 mK with two

different ramping rates exhibiting hysteresis and steps at well defined field values,
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similar to those seen in Mnj,. The steps for both ramping rates occur at the same

field values, but the size of the step is different for different ramping rates.

15 T T T T T
10 4 Thie
o/ our
| 0.04 T/hour — == i

-1 100

|
(LAY ap/mp

L o
0.2 0.4 0.6

-0.6 -0.4 -0.2

o
B (Tesla)

Figure 1.4: M vs. B: curve taken at 1.3 K shows no hysteresis. Below 400 mK

curves are temperature independent, but depend on field ramp rate % as shown.

% is shown for 0.04 T /h; peaks correspond to faster relaxation, verified by DC
measurements (Taken from [4]).

When sweeping the magnetic field applied along the easy axis of a Mnjs of Feg
sample, from high negative to positive fields, and at very low temperatures, one ob-
tains a considerable decrease in the relaxation time of the magnetization for certain
magnetic fields, corresponding to those in which the steps are observed in the hys-
teresis loop [5] (e.g. for Mnyy see Figure 1.5). This decrease is due to the fact that
at these fields equilibrium is reached faster. This behavior is attributed to quantum
tunneling of the magnetization (QTM) within a simple model [22] of a double well
with 10 spin up states corresponding to m = +10,+9,---,+1 and 10 spin down states
corresponding to m = —10,—9,---, —1 (see Figure 1.6). The enhancement of the
relaxation rate, as well as the steps in the hysteresis loop, can be understood within
this simple model (more details will be given in chapter 2).

At high enough temperatures the reversal of the spin direction is thermally acti-

vated (over the barrier), so thermal fluctuations can bring the spin from one side of
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Figure 1.5: Field dependence of the
relaxation time obtained from magnetic
relaxation measurements at different
temperatures in Mnjo (Taken from [5]).

Figure 1.6: Potential well of Mny, and
Feg crystals at H = 92;% (solid line) and
at zero field (dashed line).

the double well to the other; while at low temperatures the reversal of the spin is due
to tunneling between spin states, which can occur only between two spin states (on
both sides of the double well) with the same energy level. If an external field is applied
in the positive Z direction, the states on the left side of the well (m > 0) are lowered,
and on the right side (m < 0) are raised, as shown in Figure 1.6, and the relaxation of
the magnetization is enhanced for fields that correspond to an amount of level shifting
that brings two levels on both sides of the double well to match. However the spin
Hamiltonian (1.1) commutes with S, and hence cannot induce tunneling. Therefore
one would expect tunneling between states to occur as a consequence of an additional

part of interaction term, which is the issue dealt with in this work.

1.2 New Family of High Spin Molecules

In this work we study mainly a group of new HSM which allow for a variety of spin

values and couplings between ions inside the molecule, but with similar chemical
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structure.

1.2.1 Chemical Synthesis of the HSM

The chemical formula of the newly discovered family of nano-magnets we will study is
[BII{(CN)-A-L},](An),, where A could be VI Cr!! Mn!! Fe!!| Co!! Nill or
Cu!l. And B! could be Fe!'!, Mn!!! or Cr'?!| L is a ligand, and An is an anion which
balances the molecules’ charge [23]. In what follows we label the different compounds
only as BT AT This family is suited for our study since a large variety of spin values,
atomic masses and nuclear spins could be produced. In addition one can introduce
interactions between the magnetic clusters, as a test case. Three compounds have
been successfully synthesized, CrMng with total spin value S = % 24, 25], CrNig

with total spin value S = % 26, 25], and CrCug with total spin value S = %[25].

1.2.2 Magnetic Properties of HSM

The cores of the compounds are presented in Figure 1.7. The chemical formulae of
these compounds are [Cr{(CN)Cu(tren)}¢](ClO4)21, [Cr{(CN)Ni(tetren)}s ](ClO4)g
and [Cr{(CN)Mn(tetren)}s](ClOy4)g, which we refer to as CrCug, CrNig and CrMng
respectively. In these molecules a Cr(III) ion with S = 3/2 is coupled to six Cu (S =
1/2), Ni (S = 1) or Mn (S = 5/2) ions ferromagnetically (or anti-ferromagnetically in
the case of CrMng) with a cyanide bridge, producing at low temperatures molecules
with high spin ground state S. The coordination sphere of Cr and Cu/Ni/Mn can be
described as a slightly distorted octahedral.

The high value S of these molecules is demonstrated in Figure 1.8, which shows the

agreement between the field dependence of the magnetization of the three compounds
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Figure 1.7: The (a) CrCug, (b) CrNig and (¢) CrMng molecules cores.

CrCug, CrNig and CrMng, with the corresponding Brillouin functions of spin 9/2, 15/2
and 27/2. The measurements were taken at 7' = 2 K, and demonstrate that at this

temperature the molecule behaves like one giant magnetic moment.

2
H[Tedd

Figure 1.8: The magnetization vs. the magnetic field H, at temperature T'= 2 K
for the three compunds. The fits (solid lines) are the corresponding Brillouin
function described in the text.

Figure 1.9 shows the normalized static susceptibility at field 100 G multiplied

by the temperature as a function of temperature for the three compounds. The
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susceptibility was fitted to the expected susceptibility from the Hamiltonian
H = Z JCrfiSCrSi — DSZ2 — g,uBHzSz (13)

where the sum is taken over the 6 Cu, Ni and Mn ions, and S, = S¢; + >, S; is the
z component of the total spin of the molecule, J is the coupling between spin inside
the molecule, D represents the anisotropy, and H. is the field in z direction. The fits
give the values Joy_cy = 77 K, Joponi &~ 24K K and Jorvm =~ —11 K [23, 26, 25].
The values of D were D ~ 0 for all three molecules. Details of the fits will be given

in section 5.2.

CrMny

10 AL

CrNi, S

XT [aul]

o
creu, ]

1
10 100
TK]

Figure 1.9: The normalized static susceptibility multiplied by the temperature for
the compounds CrCug, CrNig and CrMng.



Chapter 2

Theory of QTM

The Hamiltonian 1.1 commutes with the spin in the z direction, S, and therefore
cannot induce tunneling. In this chapter I will present the different possibilities for
additional terms to the Hamiltonian, which do not commute with S, and induce spin

tunneling in the anisotropic high spin molecules Mn;5 and Feg.

2.1 Higher Order Spin Terms and Crystal Field

Effect

One of the possibilities for the additional term which induces tunneling is the addition
of a higher order spin term, depending on the symmetry of the lattice. In the case
of Mny,, the lowest order term allowed by the tetragonal symmetry of the lattice is
27, 28, 29, 30]

H' = BS!—C (st +5%) (2.1)

15
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where B = —1.1 x 1072 K and C' = 2.9 x 107° K. Similarly, for Feg, the Dy symmetry

suggests that the small correction spin term is [4, 31]
M =E(S2-S5)) (2.2)

where E = 0.046 K.

In 1986 a WKB formalism was presented by Van Hemmen et al. [32] to describe
the quantum dynamics, including tunneling, of a single spin with large spin quantum
number, and zero external magnetic field.

Consider the Hamiltonian

H——DSl—@ih (57 +5) (2.3)
B : 2 n=1 " i - '

with [ an even integer, D and h,, positive constants. In the case of a strong anisotropy

N
Do' > gup Y hyo" (2.4)

n=1

where o = hS is the length of the classical spin, and for low energies E ~ —Dg!, the

WKB approximation gives a tunneling rate [33]

2%

_ - g,uBhNUN
=1t <—2|E] ) (2.5)
where,
_ [Do'1
= o (2.6)

Eq. (2.5) shows that the tunneling rate is universal, i.e. 7! depends on the
anisotropy term Hy = —D.S! only through the attempt frequency 7, ', and is governed
by the highest degree N of the transverse term [32].

For the Hamiltonian (2.3) with [ = 2 at zero field, the tunneling rate between the

two lowest spin states, within the WKB approximation, is

25
-1 _ DSh <9MBhN(Sh)N_2> o

= 5D (2.7)

T
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One should note that the spin Hamiltonian (1.1) with the term (2.1) (or (2.2))
cannot justify all the steps observed in the hysteresis loop in Mnjs (or Feg), as it
couples only states differing by Am = £4 x n (or Am = £2 X n), with an integer n.
More importantly the tunneling rate due to the term (2.1) or (2.2) is proportional to

59, which strongly depends on the value of the spin S.

2.2 Transverse Field Term

The appearance of the steps in Mnjo and Feg hysteresis loops, for Am = £1 x
n, n being an integer number [34], indicates that the high order spin terms in the
Hamiltonian (2.1) for Mnj, and (2.2) for Feg, do not fully explain the tunneling
behavior in these clusters; therefore an additional term is needed to explain the
observed possible transitions. Several authors have proposed a transverse field term
5, 31, 34]
H' = —gupH,S, = _gﬂB(S-i- +5-) (2.8)
The tunneling rate as a results of (1.1) in addition to (2.8) has been calculated

[35, 36] in longitudinal field H, = H, (equation (1.2)) at 7" = 0. The tunneling

splitting of each level m is given by [37]

1
2D —n)! AE H,\>m "
AT — (S +m—n)(S+m) <guB x> ‘ 2.9)
[(2m —n— D2 \ (S —m)!(S —m+n)! 2D
The relation between AE” and the tunneling rate 7 is given by [33, 37]

AE,, = nthr™* (2.10)

and hence the tunneling rate at zero field, between the states +m, is

| 2m
1 AE,, _ 2D (S + m)! (guBHm) (2.11)

mh m[(2m — D!2PR (S —m)! \ 2D
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The Hamiltonian (1.1) in addition to (2.8) exhibits a crossover from the thermally
activated regime to quantum tunneling regime [38, 39] that can be either first order
(for gupH, < 22) or second order (for 22 < gupH, < 2SD) [39]; which means sharp
or smooth, depending on the strength of the transverse field H, and the shape of the
energy barrier (higher order corrections to DS?).

Also here the spin dependence of tunneling rate due to the term (2.8) depends

strongly on the spin value S.

2.3 Spin-Phonon Interaction

Tunneling induced by Spin-Phonon interaction was presented [27, 40] as an explana-
tion for magnetic relaxation in Mnys.

Consider an experiment in which the system is prepared in the spin state | — S >
(where S,| — S >= —S| — S >) in an external negative magnetic field parallel to
Z. At time t = 0 the field is reversed, and the system undergoes a transition to a
different spin state |m > (where S,|m >= m|m >). According to [27] this transition
is possible if a phonon of wave vector ¢ is created, with an energy allowing for energy
conservation

Ep + hwy = E_g (2.12)

where

E,, ~ —Dm? - 2ugH,m (2.13)

If we consider small external magnetic fields satisfying 2ug H, < D, for which equation

(2.12) can be satisfied only for m = S, we obtain [27] the tunneling rate

Ao 2 gy s s PLs) (2.14)

w2kt p
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taking an isotropic dispersion law, w, = cg; V is the spin-phonon interaction, and p
is the specific mass.

Experimental results for the tunneling time 7 as a function of the external field
H, in Mn;5 show that 7 increases with decreasing H, for H, > 0.2 T in qualitative
agreement with (2.14), but at H, ~ 0.2 T, 7 has a maximum and it decreases for
smaller fields, as can be seen in Figure 1.5.

The argument above predicts a magnetization relaxation rate 7! oc 53, ignoring
hyperfine and dipolar fields; however even if these fields were taken into account it

L around H, = 0, while exper-

would not change the prediction of a minimum in 7~
imentally it was observed in Mni5 and Feg that the relaxation rate has a maximum
at H, = 0 [41]. Hence spin-phonon interaction cannot fully explain the tunneling

behavior, though it may influence it.

2.4 Dynamic Nuclear Spin and Dipolar Interac-
tion

Another attempt to explain the observed tunneling behavior is obtained by including
dynamic hyperfine and dipolar fields. In the low temperature limit the ion spins in
the high spin molecule are locked together, and the molecule behaves like one giant
spin; however, due to dipolar fields the spin up and spin down states of the molecules
are initially with different energies, and one needs the rapidly fluctuating hyperfine
field to initially bring the spin up and spin down states to matching energies. The
gradual adjustment of the dipolar fields across the sample, caused by tunneling relax-
ation, brings a steady supply of molecules further into resonance, allowing continuous

relaxation.
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This process is particularly important in Feg where hyperfine couplings are weak
compared to Mnjs. These arguments lead to a square root behavior of the magneti-
zation at short times [41]

M(t) o/ (2.15)

where 7 depends on the nuclear T5, the tunneling matrix element Ay between the
two lowest levels and the initial distribution of internal fields in the sample (which

depends strongly on the shape of the sample), according to

. AL Es — E_g|
T X
Ep

(2.16)

where Ep is total dipolar coupling from nearest neighbor molecules. The dipolar
coupling is proportional to S? while |[Eg — E_g| o S, therefore the value of 7 is
expected to be proportional to S.

Recent experiments show a clear evidence for the effect of nuclear and dipolar
fields on tunneling in Feg [42], and a non-exponential relaxation of the magnetization
was observed in both powder [4] and single crystal [42, 43] samples, as expected

theoretically [41].

2.5 Landau-Zenner Tunneling

In the previous sections I presented the environmental influence of the molecular spin
and its effect on the spin tunneling in these molecules. The Landau-Zenner model
[44] can be applied to the experiments of swept external magnetic field, in which steps
are observed in the hysteresis loop. In this model the off diagonal elements in the
Hamiltonian, such as the interactions presented in the previous sections, introduce a

gap (tunnel splitting) Ag at the level crossing. The tunneling probability P in this
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model is given by the Landau-Zenner formula [44, 45, 46]

7TAO
4hgppS(dH/dT)

P=1—exp|— (2.17)

where dH /dt is the field sweeping rate, g ~ 2, up the Bohr magneton.
This model reveals an extreme sensitivity of the tunnel probability to the Ay and
on the sweep rate, and can be used to measure the value of the tunnel splitting A

[47].

2.6 Summary

In this section I will summarize the results of the tunneling rates from the previous
sections. In this work we are mostly interested in the dependence of the tunneling

rate (or transition rate) between different spin states on the spin S of the HSM.

‘ Interaction ’ Spin dependence of the tunneling rate 771 ‘
High order spin terms S? or higher
Spin-phonon S3
Static transverse field higher than S?
Dynamic hyperfine and dipolar 1/

Table 2.1: The spin dependence of the tunneling rate for the different possible
interactions presented in this chapter.

This work deals mainly with a group of isotropic HSM, which were presented in
Section (1.2). Though no spin tunneling is observed in these molecules due to the
absence of the anisotropic term DS? other interactions allowed by the symmetry of
the molecules do exist, and can induce quantum transitions between different spin

states of the molecule at very low temperatures.
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This group includes three similar molecules with different spin values, therefore
the spin dependence of the transition rates between the spin states, summarized in Ta-
ble 2.1, will be an important indicator of the interaction dominating these transitions,
and may shed some light on the dominant interaction which induces the tunneling in

anisotropic HSM.



Chapter 3

Experimental Methods

3.1 DC Susceptibility Measurement

The magnetic measurements were performed using a Quantum Design’s magnetic
property measurement system (MPMS). This instrument uses a Superconducting
QUantum Interface Device (SQUID), which is the most sensitive device available for

measuring magnetic fields. In this section I present the principles of operation of the

MPMS following Ref. [48].

3.1.1 The SQUID

Due to the high sensitivity of the SQUID it should not be used to detect the mag-
netic field directly from the sample. Instead, the sample moves through a system of
superconducting detection coils which are connected to the SQUID with supercon-
ducting wires, allowing the current from the detection coils to inductively couple to
the SQUID sensor. When properly configured, the SQUID electronics produces an

output voltage which is strictly proportional to the current flowing in the SQUID

23
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input coil. Hence, the thin film SQUID device essentially functions as an extremely

sensitive current-to-voltage converter.

Superconducting |
Wire
__. Sample
Magnetic %
Field H

Figure 3.1: The second-order gradiometer superconducting detection coils

A measurement is performed in the MPMS by moving the sample through the
superconducting detection coils (see Figure 3.1), which are located outside the sample
chamber and at the center of the magnet (see Figure 3.2). As the sample moves
through the coils, the magnetic moment of the sample induces an electric current in
the detection coils. Because the detection coils, the connecting wires, and the SQUID
input coil form a closed superconducting loop, any change of magnetic flux in the
detection coils produces a change in the persistent current in the detection circuit,
which is proportional to the change in magnetic flux. Since the SQUID functions
as a highly linear current-to-voltage converter, the variations in the current in the
detection coils produce corresponding variations in the SQUID output voltage which
are proportional to the magnetic moment of the sample. In a fully calibrated system,
measurements of the voltage variations from the SQUID detector as a sample is moved
through the detection coils provide a highly accurate measurement of the sample’s
magnetic moment. The system can be accurately calibrated using a small piece of

material having a known mass and magnetic susceptibility.
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Sample space

Iso—thermal sheet with heater
Annular cooling region
Superinsulation

Sample chamber tube
Inner vacuum jacket wall

Outer vacuum jacket wall

— Sample

Pick up coils Multifelament

superconducting wire

Composite form
for solenoid

Figure 3.2: The configuration of the MPMS and location of the detection coil. The
coil sits outside of the sample space within the liquid helium bath (taken from [48]).

3.1.2 The Superconducting Shield

Because of the SQUID’s extreme sensitivity to fluctuations in the magnetic fields, the
sensor itself must be shielded both from fluctuations in the ambient magnetic field of
the laboratory and from the large magnetic fields produced by the superconducting
magnet. The required magnetic shielding is provided by the superconducting shield
which provides a volume of low magnetic field in which the SQUID and its coupling
transformers are located. Proper operation of the SQUID does not necessarily require
that the magnetic field inside the shield be extremely small, but it does require that
any field inside the shield be extremely stable. Consequently, the superconducting

shield serves two purposes in the MPMS:
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1. To shield the SQUID detector from the magnetic field generated by the super-

conducting magnet.

2. To trap and stabilize the ambient laboratory magnetic field present when the
SQUID and the superconducting shield are first cooled to liquid helium tem-

perature.

The requirement for the superconducting shield can be more readily appreciated
when one considers the sensitivity of the SQUID detector. The magnetic flux pro-
duced in the SQUID by a typical small sample is of the order of 0.001 of a flux
quantum, where the flux quantum is 2.07 x 107 G-cm?. For comparison, the mag-
netic flux through a 1 cm? area in the earth’s magnetic field corresponds to about 2

million flux quanta.

3.1.3 The Superconducting Detection Coil

The detection coil is a single piece of superconducting wire wound in a set of three coils
configured as a second-order (second-derivative) gradiometer. In this configuration,
shown in Figure 3.1, the upper coil is a single turn wound clockwise, the center coil
comprises two turns wound counter-clockwise, and the bottom coil is a single turn
wound clockwise. When installed in the MPMS, the coils are positioned at the center
of the superconducting magnet outside the sample chamber such that the magnetic
field from the sample couples inductively to the coils as the sample is moved through
them. The gradiometer configuration is used to reduce noise in the detection circuit
caused by fluctuations in the large magnetic field of the superconducting magnet.
The gradiometer coil set also minimizes background drifts in the SQUID detection

system caused by relaxation in the magnetic field of the superconducting magnet. If



CHAPTER 3. EXPERIMENTAL METHODS 27

the magnetic field is relaxing uniformly, then ideally the flux change in the two-turn
center coil will be exactly canceled by the flux change in the single-turn top and
bottom coils. On the other hand, the magnetic moment of a sample can still be
measured by moving the sample through the detection coils because the counter-
wound coil set measures the local changes in magnetic flux density produced by the
dipole field of the sample. In this application a second-order gradiometer (with three
coils) will provide more noise immunity than a first-order gradiometer (with two coils),
but less than a third-order gradiometer (which would employ four coils).

It is important to note that small differences in the area of the counter-wound
coils will produce an imbalance between the different coils, causing the detection
coil system to be somewhat sensitive to the magnetic field from the superconducting
magnet. In practice, it is never possible to get the coils exactly balanced against
the large fields produced by the magnet, so changes in the magnetic field will always
produce some current in the detection coil circuit. Over long periods of time and
many measurements, large persistent currents could build up in the detection coil,
producing noise in the system when these large currents flow in the SQUID input
coil. The MPMS system prevents this from occurring by heating a small section of

the detection coil circuit whenever the magnetic field is being changed.

3.1.4 The Measurement Procedure

The sample is mounted in a sample holder that is attached to the end of a rigid sample
rod. The top of the sample transport rod is attached to a stepper-motor-controlled
platform which is used to drive the sample through the detection coil in a series of
discrete steps. It is possible to use discrete steps because the detection coil, SQUID

input coil, and connecting wires form a complete superconducting loop. A change in
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the sample’s position causes a change in the flux within the detection coil, thereby
changing the current in the superconducting circuit. Since the loop is entirely super-
conducting, the current does not decay as it would in a normal conductor. During a
measurement the sample is stopped at a number of positions over the specified scan
length, and at each stop, several readings of the SQUID voltage are collected and
averaged. The complete scans can be repeated a number of times and the signals

averaged to improve the signal to noise ratio.
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Figure 3.3: The output of the SQUID as a magnetic dipole is moved through the
second-order gradiometer pickup coil. The vertical scale corresponds to the output
voltage and the horizontal scale is sample’s position (taken from [48]).

The currents induced in the detection coil are ideally those associated with the
movement of a point-source magnetic dipole through a second-order gradiometer de-
tection coil. The spatial (position) dependence of the ideal signal is shown in Fig-
ure 3.3 [48]. To observe this signal the sample should be much smaller than the
detection coil and the sample must be uniformly magnetized.

The accurate determination of the magnetic moment of the sample from the

SQUID output signal is made using computer fits. The linear regression method
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makes a fit of the theoretical signal of a dipole moving through a second-order gra-
diometer to the actual SQUID output signal using a linear regression algorithm. This
method requires the sample to remain well centered. When the sample is measured
over a wide temperature range, the sample will change position due to changes in the
length of its transport rod. Using software commands, the sample can be centered

automatically.

3.1.5 Magnetic Units of Measure

The MPMS reports values of magnetic moment in e.m.u. which is equal to Gxcm?.
We get the magnetization M by dividing the value of magnetic moment m by the
volume V' of the sample. The MPMS is calibrated with a sample of known magnetic
moment in units of e.m.u., and all other signals are compared to the calibrated sample
to get their magnetic moment in the same units. Another quantity frequently used
in magnetism is the magnetic susceptibility, which is given by y = M/H, where H is
the external magnetic field.

As an example we consider the Hamiltonian for paramagnetic moment in cgs units
H=—m-B. (3.1)

Therefore the magnetic moment 1 is in units of erg/Gauss. The average spin value

follows the relation

MV = Ngug <§> (3.2)

where N is the number of magnetic moments in the sample, from which <§> is

calculated by dividing the magnetic moment in e.m.u. units by gugN.
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3.2 The Muon Spin Relaxation (uSR) Technique

The SR technique allows one to study the magnetic properties of materials, through
direct measurement of the time dependence of a positive muon () polarization P(t).
The evolution of the polarization depends on the magnetic field experienced by the
positive muon, and provides information on the magnetic environment in the vicinity
of the muon. With this technique one can detect static magnetic field as small as a
fraction of a Gauss and as large as several Tesla, and it is sensitive to magnetic fields

fluctuating on a time scale of 1072 — 107! sec.

3.2.1 Experimental Setup

The polarized muons are produced from pion decay (with pion lifetime 7, = 26 nsec)
according to

7r+—>,u+—i—1/u

Since only left-handed neutrinos exist, and because pions have zero spin, muons pro-
duced by pions at rest (p, = 0) have their spin 5, anti-parallel to their momentum

Py (See Figure 3.4). These muons are guided into the sample by a set of dipole mag-

Figure 3.4: Schematic illustration for a positive pion decay into a muon and a
neutrino (Taken from [6]).

nets; and come to rest in the sample within 1071% sec, then each muon decays into a
positron and two neutrinos:

p—=et v+,
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mostly with a positron energetic enough to travel a substantial distance before anni-
hilating, to reach the positron detectors.

The distribution of the decayed positrons is not spherically symmetric, but rather
depends on the polarization of the muon, the positron is preferably emitted in the

direction of the muon polarization as shown in Figure 3.5. In this figure the length

Figure 3.5: Angular distribution of positrons from muon decay (Taken from [6]).

of the arrow represents relative probability of positron emittance in the direction of
the arrow. From the change in the angular distribution, as a function of time, of the
emitted positrons, one can reconstruct the polarization of the muon as a function of
time. When needed, we can also apply a variable external magnetic field, H along

the initial polarization direction Z, or Hp transverse to Z.

3.2.2 The Longitudinal Field Configuration

The Longitudinal Field (LF) (also Zero Field (ZF)) experimental configuration (Fig-
ure 3.6(a)) is used to measure the rate in which the muon loses its polarization in
the sample as a function of the magnetic field (Hy) applied along the direction of the

initial muon polarization. This setup is based on the fact that at ¢ = 0 positrons are
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emitted into the forward (F) counter (full polarization) while at ¢ — oo the polariza-
tion vanishes, and the positron counts in the forward (F) and backward (B) counters
are equal. The positron counters are placed as shown in Figure 3.6(a). The forward

counter has a small hole in it to allow the incoming muons to reach the sample.

@

(b)

©

Figure 3.6: (a) Longitudinal (and Zero) field setup. (b) and (c) are Transverse field
setups.

3.2.3 The Transverse Field Configuration

The transverse field (TF) experimental configuration (Figure 3.6(b) and (c)) is used
to measure both the frequency of the muon precession and the rate in which it loses
its polarization as a function of the magnetic field (Hr), applied perpendicular to the

muons initial spin direction. There are two ways to achieve this configuration:
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1. The counters are set up in a similar way to the LF configuration, but the field

is applied in a direction perpendicular to the beam, as shown in Figure 3.6(b).

2. The muon spin is rotated by separators and the field is applied parallel to the
beam. In this configuration the counters are placed above (U) and below (D)

(or left and right sides) of the sample as shown in Figure 3.6(c).

3.2.4 Data Analysis

When the muons come to rest with their polarization along the beam direction Z,
each muon spin evolves in the local field until the pt decays at a time t after its
arrival. The decay is asymmetric and the positron is emitted preferably along the
muon spin direction. Two positron counters placed in the forward and backward
directions with respect to 2 are used to obtain positron decay time histograms, which
typically contain more than 10% events. The number of detected positrons in the

backward and forward counters are, correspondingly,

Ny(t) = NP [BBJre_%(lJerPz(t))}

Np(t) = Ny

Br+e m(l- AOPZ(t))] (3.3)

where Bp (Bp) is the time independent background in the backward (forward)
counter, NE (N[') is the counting rate in the backward (forward) counter, P,(t) is the
muon polarization in the z direction as a function of time and Ay is the asymmetry.

To extract the polarization function we subtract the constant background (NP Bp

and NI Br), to obtain

B(t) = Ngy(t)— NPBp

F(t) = Np(t)— NEBr (3.4)
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We define the experimental “raw” asymmetry as:

B(t) - F(t)
AW = FaTF0
. (I=a)+ (1 +a)AgP.(t)
(1t a)+(1—a)APb() (35)

F
where o is the ratio of the raw count rates 20 and reflects the ratio of effective

solid angles of the detectors. a can be calculated by applying a magnetic field which
is transverse to the initial muon polarization, and finding the a value that gives
oscillations centered around zero.

Finally, from equation (3.5) one can extract the corrected asymmetry which is

proportional to the polarization in the z direction

B (a=1)+(a+1)A.(t) aB(t)— F(t)
AW = AP = T 0 S DA aBO) + )’ (3.6)

The polarization in the perpendicular direction to Z can be calculated from two

positron counters placed up and down relative to the sample

a.D(t) — U(t)
a. D(t) +U(?)

AL(t)=ALPL(t) = (3.7)

where U(t) and D(t) are the counts in the up and down counters after subtracting
the background. « is the ratio between the raw count rate in the up detector to
that in the down detector, ]]\Vf—(‘g

The asymmetry is fitted to the expected function from theoretical or phenomeno-
logical considerations, and the physical properties are extracted from the fitting pa-
rameters.

The arrangement of the positron counters and external field direction, longitudinal

or transverse, is chosen depending on the information that we want to extract from

the experiment.
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3.2.5 Muon Spin Rotation

The fully polarized muon, after entering the sample, comes to rest in a magnetic
environment. Since the mechanism which stops the muon is much stronger than any
magnetic interaction, the muon maintains its polarization while loosing its kinetic
energy. However, at the stopping site the muon spin starts to evolve in the local
field B. When all the muons experience a unique magnetic field in their site, the

polarization along the Z direction G,(t) is given by
G.(t) = Re {0052 0 + sin® Hei“(t’t(’)} (3.8)

where 6 is the angle between the initial muon spin and the local field direction (see
Figure 3.7), w = v, B is the Larmor frequency of the muon (v, = 85.162 MHz/kG),
and ty is the arrival time of the muon. When taking the powder average of Eq. (3.8)
we get

G.(t) = £+ 2 cos(wt) (3.9)

where we took ty = 0.

Figure 3.7: The Z component of the muon polarization in the presence of a constant
field B.

In real systems, however, the local field experienced by different muons is rarely
unique. It can vary from site to site as a result of nuclear moments, impurities, or

non-homogeneous freezing of the ionic moments. It could also vary in time, at a given
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site, due to dynamic fluctuations. In these cases the oscillation amplitude (2/3) and
the average polarization (1/3) decay.

The decay or relaxation of the 2/3 component results from both dynamical fluc-
tuations and spatial inhomogeneities. If we ignore momentarily the dynamical fluctu-
ations, and assume that the frequency of oscillations, instead of being unique, follows

the distribution p(w — wy), where wy is the mean value of the Larmor frequency, then
1 2
G.(t) = 3 + g/dwp(w — wp) cos(wt). (3.10)

It is easy to see that if p is Gaussian/Lorentzian the 2/3 component relaxes with a
Gaussian/exponential line shape. Dynamical fluctuations could only add additional
sources of relaxation. However, without the help of echo techniques (as in NMR) it
is hard to distinguish between the two sources of relaxation of the 2/3 component.
On the other hand the spatial inhomogeneity of the field cannot cause relaxation
of the 1/3 component since in the powder there are always 1/3 of the muons with their
polarization pointing along the local field. These muons have a constant polarization
unless the field changes with time. As a result, the relaxation of the 1/3 component

could occur only from dynamical fluctuations of the local field.

3.2.6 Traditional Theory of Muon Spin Relaxation

The 100% polarization of the muons in the sample is not the equilibrium ratio of spin
up to spin down and the muon gradually depolarizes in order to reach the equilibrium
ratio. The time dependence of this depolarization is derived in this section using
the strong collision model. In this model we assume that the field experienced by
the muon changes discontinuously at times t; < -+ < t, < t(= t,41) with some

average frequency v. Between these field changes the polarization evolves as if the field
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were static. We demonstrate the application of this model to two field distributions

Gaussian and Lorentzian. The Gaussian distribution is given by

. %\ V3B — By)?
p%(B) = (\/M) exp (—T) (3.11)

where EO is some average field which is either applied externally or caused by the

magnetic moments in the sample, and A/v, is the root mean square (RMS) of the

field distribution. The Lorentzian distribution is given by

3
Lip Y a
B = (1) 11 [ (312
T i=z,y,2 a* + 'Yg(Bz - BZO)Q

where B! is the i-th component of some average field B}h and a/v, represents the

width of the field distribution.
The static relaxation function go(t) is obtained by convoluting G (t) from Eq. (3.8)
with the field distribution p(B). For example, if By = 0 we obtain in the case of

Gaussian distribution

1) = [ @BOBIE() = % + %(1 — A22) exp <_ A?) o (313)

This relaxation is known as the static Gaussian Kubo-Toyabe [49]. This function has
a 2/3 component showing a damped oscillation around B, with time scale 1/A, and a
persisting 1/3 polarization which is referred to as recovery. The RMS A of magnetic
fields can be estimated from the rate of the damped oscillation.

In the case of Lorentzian distribution we obtain
L 3 Lip 1 2
gE(t) = / B (B)G.(t) = 5 + 5(1 — at) exp(—at). (3.14)

This relaxation is known as the static Lorentzian Kubo-Toyabe [50, 51]. This function

has a shallow “dip” of the damped oscillation compared to the Gaussian Kubo-Toyabe
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(3.13), corresponding to a faster damping due to a wider range of fields B, with a
time scale 1/a, and then a recovery of 1/3 of the polarization follows.
Application of a longitudinal field H parallel to Z helps aligning the local field

along the z axis. The LF relaxation function for a Gaussian local field becomes [52]

2A2 201\t
g%(t,Hy) =1— (w—2> {1 _ omA%)2 cos(wyﬁ)} + (w—3> /0 e 22 sin(wpr)dr
L L

(3.15)
where wy, = v,H. When A/wy, is small, i.e. when the external field H; is much
higher than the internal field, the polarization approaches 1. This effect is called
decoupling.

The LF relaxation function for a Lorentzian local field follows [53, 54]

gL(t HL) = 1- ijl(th)e_at — (i)Q [jo(u)Lt)e_at - 1}
zA wr, Wi,

. [1 + (iﬂ a /0 Ciolwpr)e T dr (3.16)

wr

where jy and j; denote spherical Bessel functions. When a/wy, is small, i.e. when H,
is much higher than a, the polarization approaches 1, similar to the LF relaxation
function for a Gaussian local field.

If we now take the field changes into account, then the polarization at a measured
time ¢ contains contributions from muons that experience no field changes at all,
those that experience one change, two changes and so on. The probability that the
field stays unchanged during the time ¢, — t; is given by «(t;+1 —t;). For Markovian
processes we have

k(t) = e ", (3.17)

It should be pointed out that this type of dynamical process (Markovian) leads to an

exponential decay of the time-dependent field-field correlation function <§ (t)- B (0)>
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The average polarization is obtained by taking the sum over all possible number
of changes, weighted by their probability. Since the probability density for n changes
between [ty,t1 + dt1],- -, [tn, t, + dt,] is

[Texp [—v(ti — ti1)]vdt; = v e ™ [ dt,
=1

=1

t t t2
Pz(t> = eiut |:g0(t> -+ V/O dtlgl(tl,t) —+ 1/2/0 dtQ/O dt1g2<t1,t2, t) + e (318)

where g, (t1,---,t,,t) is the polarization function given that the muon experiences
field changes at t{,---,%,. If we now assume that the fields at different time inter-
vals are uncorrelated, and that during each time interval the polarization propagates
according to the static function go(t) we have
n+1
Gultr, -+ o, t) = H1 go(ti —ti1). (3.19)
Eq. (3.18) can be further simplified. However, in most cases we end up using numerical
techniques at some point in order to obtain P,(t). Therefore we will not further
simplify this equation here.

We refer to the polarization function which is obtained by applying the strong
collision model to the static Kubo-Toyabe as the dynamical Kubo-Toyabe (DKT).
The advantage of the DK'T is that it is very practical for data analysis since it is not
limited to a specific range of parameters. In real systems, where the dominant source
of relaxation often varies with temperature between the dynamic and the static, the
ability to account for the muon spin relaxation with a theory which treats both sources

on the same footing, is very useful.
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3.3 The Nuclear Magnetic Resonance (NMR) Tech-
nique

NMR and pSR are very similar techniques in their principle of operation. ©SR has the
advantage of being universal (independent of the studied sample). Its disadvantage
is that the local probes (muons) are located in an unknown position. NMR has
the advantage that the local probes (nuclei) are well located in the structure of the

compound. However not all samples contain the same nuclei.

3.3.1 Experimental Setup

In an NMR experiment the sample is placed inside a coil (see Figure 3.8), and im-
mersed in a static external magnetic field H = Hyz. This field polarizes the nuclear
spins along the z axis. In addition to this field we apply a transverse magnetic field
H; along the z axis, which is produced by running an alternating current in the
coil L (see Figure 3.8), with frequency equal to the Larmor frequency, w; = vy Ho,
where vy is the gyromagnetic ratio of the studied nuclear spin. To do so we tune the
resonance frequency of the circuit (Figure 3.8) by changing the capacitance of both
capacitors C' and C’. We keep the impedance of the power supply (50 €2) matched
to the impedance of the rest of the circuit, in order to get maximum power from the

power supply into the circuit. To ensure these two conditions, one must have

1

r_
C+C'= o7 (3.20)

50 C\?

r=0+c) (3.21)

where R is assumed to be small.
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To understand the effect of H; on the nuclear spins, it is convenient to define a
rotating frame of reference which rotates about the z axis at the Larmor frequency,
wr. We distinguish this rotating coordinate system from the laboratory system by
primes on the z and y axes, 'y’

The advantage of looking at the problem from a rotating reference frame is its
simplicity; e.g. a nuclear magnetization vector rotating at the Larmor frequency in
the laboratory frame appears stationary in a frame of reference rotating about the z

axis.

Figure 3.8: Resonance circuit for the NMR probe.

When the alternating current through the coil is turned on and off, it creates
a pulsed H; magnetic field along the 2’ axis, this field can be seen as the sum of
two components, one rotating clockwise and the other counterclockwise. It can be
shown that only the component which is stationary in the rotating reference frame is
important, and is taken into account. The spins respond to this pulse in such a way
in order to cause the net nuclear magnetization vector to rotate about the direction
of the applied H; field. The rotation angle depends on the length of time the field is
on, 7, and its magnitude H;

0 =yvTH,y (3.22)

where 7 is assumed to be much smaller than 77 and T3 (see below).

A 7 pulse is one which rotates the nuclear magnetization vector clockwise by /2
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radians about the 2’ axis, down to the 3 axis; while in the laboratory frame, the
equilibrium nuclear magnetization spirals down around the z axis to the xy plane.
One can see why the rotating frame of reference is helpful in describing the behavior
of the nuclear magnetization in response to a pulsed magnetic field. Similarly a
7 pulse will rotate the nuclear magnetization vector by = radians. If the nuclear
magnetization was initially along the z (z or y) axis it is rotated down along the —z

(—x or —y) axis.

3.3.2 Pulse Sequences

The 7 Free Induction Decay (FID) Pulse

In the Z-FID pulse sequence, the net nuclear magnetization is rotated down into

the 2y’ plane with a 7 pulse. Then it begins to precess about the +z axis, while
its magnitude decays with time. This induces magnetic flux changes, and therefore
induces a signal £(¢) in the coil, which is then recorded. A timing diagram for a
5-FID pulse sequence is a plot of signal versus time (in the rotating reference frame),
as shown in Figure 3.9.

The signal (t) follows

e(t) = gpe™ (3.23)

where )\ represents the distribution of local magnetic fields experienced by the studied
nuclei. The Fourier transform of the signal €(¢) gives the NMR line in the frequency

domain.
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Figure 3.9: A Z-FID signal from protons’ nuclear spins in CrNig, at temperature
T =300 K and field Hy = 3.3239 T.

The Spin-Echo Sequence and 7; Measurement

us

Another commonly used pulse sequence is the spin-echo pulse sequence. Here a 3
pulse is first applied to the spin system. The 7 pulse rotates the nuclear magnetization
down into the z’y’ plane. The transverse nuclear magnetization begins to dephase.
At time teqo after the 7 pulse, a 7 pulse is applied. This pulse rotates the nuclear
magnetization by 7 about the z’ axis. The 7 pulse causes the nuclear magnetization
to at least partially rephase and to produce a signal called an echo, as can be seen in
Figure 3.10.

The dephasing of the transverse nuclear magnetization occurs because the spin
packets making it up experience a time dependent magnetic field. The time scale of
the dephasing is called the spin-spin relaxation time 7T5.

To measure T5 value we use the spin-echo sequence; by varying the time o0, and

measuring the maximal value of the signal for the same parameters, €pax (fecho). The

maximal value of the signal as a function of t.4,, behaves according to

_ techo

Emax(techo) =¢goe T2 . (324)
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In practice one measures €payx (techo). The values of €4, as a function of teq,, are then
fitted to a function of the form (3.24), or to a function of the form f (%), from

which the value of T, is extracted.

Amplitude [a.u]

" —_
0 Timefut sec] 102.4

Figure 3.10: An echo signal from protons’ nuclear spins in CrNig, at temperature
T =160 K and field Hy =12 T.

The Inversion Recovery Sequence and 77 Measurement

In this sequence, a 7 pulse is first applied, this rotates the net nuclear magnetization
down to the —z axis. The nuclear magnetization undergoes spin-lattice relaxation
and returns toward its equilibrium position along the 4z axis. Before it reaches
equilibrium, a 7 pulse is applied which rotates the longitudinal nuclear magnetization
into the 2y’ plane. In this sequence, the 7 pulse is applied at a time T after the m
pulse. Once the nuclear magnetization is in the x'y’ plane it rotates about the z axis
and relaxes giving a signal similar to that obtained in an FID.

The amplitude of the signal measured at a certain time ¢’ as a function of 77

follows

£(T}) = 20 (1 - 26—571) . (3.25)
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T7 is called the spin lattice relaxation time, and it gives the time scale needed for the
nuclear magnetization to reach thermal equilibrium. It should be noted that the zero
crossing of this function occurs for 77 = T7 In 2.

The signals obtained from measuring an inversion recovery sequence, as a func-

tion of the time 77 between the 7 and the 7 pulses, and fixed parameters, behaves
according to (3.25), fitting the signals as a function of 77 to the form (3.25), or to a

function of the form f (%), yields an estimate for 77.

The Saturation Recovery Sequence and 7} Measurement

This sequence gives another way to measure T}, which is useful in the case of broad
NMR lines and short T3 values [55]. In this sequence multiple /2 pulses (1-15 usually)
are applied to obtain zero nuclear magnetization in the z direction, M, = 0, and after
a time T; another 7/2 pulse is applied.

After bringing the system to a state where M, = 0, the system tries to go back to
its thermal equilibrium state, where M, is saturated, within a characteristic time 77,
and applying the last 7/2 pulse at different values of waiting time 77 yields a signal

amplitude which follows
T
e(Ty) = &0 (1 - eT—i) (3.26)

here the zero crossing of this function occurs for 17 = 0.

The signals obtained from measuring a saturation recovery sequence, as a function
of the time T between the 7/2 comb and the final 7/2 pulse, with fixed parameters,
behaves according to (3.26), and fitting the signals as a function of 77 to the form

(3.26), or to a function of the form f (%), yields an estimate for T7.
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3.3.3 Field Sweep and NMR Line Shapes

The NMR spectrum (or line shape) reflects the spectrum of frequency absorption of
the studied nuclei, from which one can study the magnetic environment and interac-

tions in the vicinity of the nuclei.

Fourier Transform

The NMR spectrum can be simply reconstructed by simply Fourier transforming the
signal (echo or FID) in the rotating reference frame. This method is applicable in

cases where the spectrum is narrower than the bandwidth of the receiving system.

Field Sweep

When the spectrum is broader than the bandwidth of the receiver one has to sweep
the external magnetic field. By doing that one puts different groups of the nuclei in
resonance, and scans the different sections of the NMR spectrum. The full spectrum
is reconstructed by time integrating over different signals obtained for the different
fields. Each integral corresponds to the intensity of the spectrum at the corresponding

frequency.

Frequency Step and Sum (FSS) Method

This method is mostly useful for wide, in-homogeneously broadened NMR spectra
[56]. It has the advantage of high resolution, high sensitivity and it extracts the
distortions in the spectra introduced by the finite amplitude of the RF pulses and the
finite bandwidth of the receiving system.

In this method we record the signal at a series of magnetic fields, changing the

external magnetic field in equal steps. The final spectrum is reconstructed by Fourier
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transforming each signal separately, shifting the frequency in correspondence to the

field step, and then summing the spectra from all the field steps.



Chapter 4

Experimental Results

4.1 puSR Measurements in Feg

In this section we report clear evidence of QTM in single crystal Feg using puSR
technique. The high spin molecule Feg has been studied extensively, since it exhibits
“pure” tunneling, where temperature independent behavior is observed below 360 mK
[4, 21, 43, 57].

At low temperature only the S = 10 spin state is populated. The energy levels of
the Feg spin states as a function of an external field H are shown in Figure 4.1. At
certain “matching” field values Hyaten = 0, £2.1,£4.2, - - T, states with different m
values can have equal energies.

When applying a high positive field at low temperature, all molecules are polarized
and occupy the m = 10 spin state. As the field is decreased nearly to zero, the spins
remain in this state. However, when the applied field becomes negative the ground
state changes to m = —10. As a result some of the spins tunnel from the m = 10 to

the m = —10 state with probability p(—10, 10). This tunneling takes place when the

48
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field is close to the first matching field Hy,..cn, = 0. Not all spins tunnel, and some stay
in the m = 10 state with probability 1 — p(—10,10). Transitions between different
spin states are negligible when the external field is different from the matching fields
[4]. Consequently spins have a chance to escape the m = 10 state only when the field

is negative and equal to one of the matching fields Hagcn-

I I
2000 4000 6000

—40 I I
-6000 -4000 -2000

0
H [Gauss]

Figure 4.1: Energy levels of the different spin states of Fes as a function of applied
field H || 2

1SR measurements were performed on a few aligned Feg single crystals which were
glued on a small silver plate. The sample was then inserted into a brass cell with
a mylar window (see Figure 4.3), and sealed inside with a He gas environment in
order to ensure fast and uniform thermalisation of the sample and prevent it from
shattering.

In these measurements we use the TF configuration (see section 3.2.3), in which
we apply a magnetic field whose direction is 50° relative to the initial polarization of
the muon, but parallel to the easy axis Z of the Feg single crystals (see Figure 4.2).
All measurements were performed at a temperature of 40 mK, to ensure that the Feg

molecules are in their S = 10 ground state and no thermal activation is possible.
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Figure 4.2: The arrangement of the Feg single crystal in the experimental apparatus.

Each measurement was performed in three steps: (I) a field of H = +2 Tesla

was applied for 15 minutes to polarize the Feg molecules, (II) the field was swept

to an intermediate negative magnetic field H; with a sweep rate v, (III) eventually

the field was swept back to H = —50 G, at which all measurements were performed.

By performing step (II) the magnetic field passes through different matching field

values, while step (IIT) guarantees that the changes in the local field experienced by

the muons are a result of changes in the spin states of the surrounding Feg molecules.

Cell
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orientation
Cell Sample glued
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Figure 4.3: A brass cell with mylar window in which the Feg sample was inserted
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In Figure 4.4 we present the asymmetry as a function of time for different inter-

mediate fields H;. The field sweep rates is v = 0.24 T/min. In this figure one can

2T - -5.0kG - -50G

0.2 . .

0.1 / 2T - -35kG - -50G
0.0 C

Q1 , , @

2T - -2.0kG - -50G

Asymmetry

Figure 4.4: The asymmetry as a function of time for different values of
H; = —0.05,—-1.5, -2, -3, =5 kG for (a), (b), (c), (d) and (e) respectively.

clearly see that depending on H; the asymmetry is different (especially in the time
range between 0.5 and 2 usec), and that all asymmetries differ except for (b) and (c).
The reason for that the number of matching fields crossed in both cases (b) and (c)
is equal, and therefore there is no difference in the magnetization between these two
cases. However, the runs (b) and (c) differ from the other runs, for which different
matching fields were crossed.

We analyze the data by fitting the asymmetry of all runs to a function of the form

A(t) = Agsin(wot)e ™" + Ay sin(wt)e™™ + B, (4.1)
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where Ay, wp and Ay represents the fraction of muons experiencing a magnetic field
mainly from molecules with m = 10 spin state. Similarly A, w; and A, represent the
fraction of muons which interact also with negative spin states. B, is used to account
for the baseline of the asymmetry. The precession frequencies wy and w; represent
the different local fields experienced by the muons inside the Feg single crystal. The
changes in the frequencies indicate a change in the internal field, or in the spin
direction of those Feg molecules close to the muon and affecting its polarization.
The fitting curves are the solid lines in Figure 4.4, where the parameter B, ~ 0
was shared for all curves, the value of wy was found to be 13.4(3) MHz, common to
all curves, as expected for muons which do not experience a change in the local field.

The values of Ay and A; are presented in Figure 4.5. At low intermediate fields the

015 —F——————————+————————
0.14 - A, % -
oa3f L " A :
012} ? % :
§ 011 1 + 1
g o0} L ]
< 009 %7 :
0.08 ] :
0.07} E—g !
0.06F . . . . A

5000 -4000 -3000 -2000 -1000 O

H, [Gauss]

Figure 4.5: The amplitudes associated with the different fractions of muons. The
amplitudes change only when different matching fields are crossed

amplitude Ay is high while A; is low, indicating that most of the muons are interacting
with Feg molecules in the m = 10 spin state. A decrease in Ay accompanied by an
increase in A; is observed when more matching fields are crossed during the field

cycle. More pronounced are the steps in the value of w; presented in Figure 4.6,
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where each step corresponds to a different matching field Hatcn.
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Figure 4.6: The value of w; as a function of H; for sweeping rate v = 0.24 T /min
(squares) and v = 0.1 T/min (circles).

In order to rule out effects of superconducting magnet irreproducibility, we re-
peated the same measurements twice. We found that similar cycles reproduce the
identical asymmetry, as seen in Figure 4.7(a), proving that the change in the frequency
is not due to inaccuracy in the magnetic fields applied on the sample. Similarly, the
effect of time dependence of the magnetization was ruled out by polarizing the spins
of the Feg molecules, after applying a field on +2 Tesla for 20 minutes, and then
measurements at the same external field were taken, with intervals of 2 hours be-
tween them. As seen in Figure 4.7(b), no change in the asymmetry is observed even
after 4 hours (while a single measurement takes 45 minutes), indicating that the time
dependence of the magnetization is too small to account for the changes observed in

the frequency in Figure 4.6.
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Figure 4.7: (a) Two similar measurements where we ramp the field up to +2 Tesla,
then to —50 Gauss. Both measurements give the same asymmetry. (b)
Measurements taken at different times after applying a field of +2 Tesla, and then
ramping the field down to +50 Gauss. Even after 4 hours no change in the
asymmetry is observed.

4.2 SR Measurements in Isotropic Molecules

The SR measurements reported here were performed in the LF configuration (see
section 3.2.2), in which the magnetic field is applied in the direction of the initial
muon polarization. In these experiments we measure the polarization (i.e. normalized
asymmetry) P(t, H) of a muon spin implanted in the sample, as a function of time ¢
and magnetic field H (see section (3.2) ), where P(0, H) = 1. The measurements in
all molecules are performed at temperatures ranging from 25 mK up to 300 K, and
in fields ranging between zero and 2 T. These experiments were performed at both
ISIS and PSI, exploiting the long time window in the first facility for slow relaxation
(high T'), and the high time resolution in the second facility for fast relaxation (low
T).

In Figure 4.8 we present the muon spin polarization as a function of time and for
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different temperatures in CrNig (S = 12) at zero field (a), and at H = 2 T (b). In zero
field, the relaxation rate increases, as the temperature is decreased, and saturates at
~ 5 K. In contrast, at H =2 T, and temperatures lower than ~ 17 K, the relaxation

rate decreases as the temperature is decreased, and does not saturate.

T T
H=0-100G T[K]=
10 =2 v 27

P(tH)

6
Time [usec]

Figure 4.8: The spin polarization as a function of time. (a) At zero field and
different temperatures. (b) At field H = 2 T and different temperatures. The solid
lines are fits of the data to square root exponential functions.

The Hamiltonian of the isotropic HSM at zero field can be well approximated by

6
H=-JY 53, (4.2)

i=1

at high temperatures the J bond between spins is broken, while at low temperatures,
kgT < J, the spins lie parallel or anti-parallel to each other, forming a ground spin
state, with spin S = Y0, S; and quantum spin number S, which is 25 + 1 times
degenerate.

The increase of the relaxation rate at high temperatures is caused by thermally

15

2 — 1 ete.). However,

activated transitions between excited spin states (e.g. S =
at low temperatures, only the ground spin state is populated, and only transitions

within the degenerate ground state are possible.
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In Figure 4.9 we present the longitudinal field dependence of the muon polarization
in CrNig at T" = 50 mK. The relaxation rate at this temperature decreases as the field
is increased. Two aspects of the data indicate that the muon polarization relaxes
due to dynamical field fluctuations; the first is that no recovery is observed, i.e.
lim; .o P(t) = Px = 0. A recovery of the polarization P,, = Fy/3 is expected
in a case where the muon experiences a static local field and zero external field
[58] (see section 3.2). The second is that the time scale of relaxation 1/X in ZF
is of the order 1 usec; if this field were static it would have been of the order of
B ~ 10 G (using B = \/~, where v, is the muon gyromagnetic ratio, as seen in section
3.2.6). Such a field should have been completely decoupled (lim; ., P(t) = Fy) with
~ 100 G LF or more [58]. However, even fields as high as 5000 G do not decouple
the relaxation. Therefore, we conclude that even at 50 mK the CrNig spins are

dynamically fluctuating. Similar experiments and line of arguments indicate that

CrCug and CrMng spins are also dynamically fluctuating at very low temperature.

0.60
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0.20

Figure 4.9: The variation of the polarization in CrNig at 7' = 50 mK as the field is

We therefore analyze our data using spin lattice relaxation theory. In this theory,
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one assumes a fluctuating local field é(t) experienced by a local probe (muon or

nucleus) of spin I. The spin lattice relaxation time 77 in this case follows

% -/ ‘: dt (BL(0)BL(t)) exp(ivH). (4.3)

where 7 is the gyromagnetic ratio of the local probe and H is the external field. The

polarization of a local probe, in the fast fluctuation limit, is given by
P(H,t) = (Py — Py)exp[—t/Ti] + Px (4.4)

where Py is the initial polarization, P, is the equilibrium polarization [54, 59],

T\(H) = A+ BH? (4.5)
1

A = N (4.6)
2
YT

The correlation time 7 and mean square of the transverse field distribution at the

probe site in frequency units A? are defined by
22 (BL(HBL(0)) = AZexp (—t/7) (4.8)

The fast fluctuation limit is obeyed when 7A < 1.

In uSR P, = 0, and the muon could occupy many different sites in the sample,
since the molecules are fairly large (~ 15 A diameter) and present an organic sur-
rounding around the metal ions and perchlorate anions separating the molecules. As

a result one must average over A. Using the distribution [54]

o T e

the resulting polarization is then

P(t) = /0 " Pyexp (—t/T8) p(A)dA (4.10)
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and allowing for a constant background (B,) due to muons stopping outside the
sample one obtains

P(t) = Pyexp <—\/t/7{‘> + B, (4.11)
where 1/T}" is the muon spin relaxation rate. This form is in agreement with the
experimental results (see below). In addition, Eq. (4.5) still holds, while in Eq. (4.6)
and (4.7), A is replaced by A*.

The solid lines in Figure 4.8 are fits of the data to Eq. (4.11) where Py is a global
parameter. The parameter B, is free within 10% of its mean value since the high fields
affect the positron trajectory in a manner that is reflected in B,. The fit is satisfactory
in all cases except for the highest H and lowest T" in CrNig. The relaxation rate
1/T{" in the different compounds, obtained from the fits is presented in Figure 4.10

as a function of temperature for different values of H. As pointed out above, 1/T}"
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Figure 4.10: 1/T) as a function of temperature for different external fields, measured
by SR in (a) CrCug (b) CrNig and (b) CrMns.

increases with decreasing temperatures, and saturates at low temperatures. The value

of 1/T{" at the same field, for the different compounds, increases as the spin of the
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compound is higher, as is expected due to the increase of the magnetic moment and
hence the local field experienced by the muons. The saturation temperature increases
as the coupling constant J increases. This is in strong contrast with Mnj, [60, 61]
and Feg [62] where in zero field 1/TY" increases continuously upon cooling until the
correlation time 7 becomes so long that the molecule appears static in the muon
dynamical window.

In Figure 4.11 we plot the average relaxation time T{'(H) at T'— 0 as a function
of H? for all compounds, for fields up to 2 kG (note the axis break). We find that
T} obeys Eqgs. (4.5)-(4.7). This implies that the muon spin relaxation is indeed due
to dynamical field fluctuations, and that at low T the field autocorrelation can be

described by a single correlation time as long as the applied field is not too strong. At
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Figure 4.11: The saturation value of the spin lattice relaxation time as a function of
H? for CrCug, CrNig and CrMng. The solid lines are linear fits of the data.

high fields (> 2 kG) we find deviations (not shown) from the linear relation between
T} and H?. The deviation might be due to the impact of the field on the spin
dynamics, i.e. the correlation function given by Eq. (4.8). From the linear fits in

Figure 4.11, and taking (A*)? = 7,(AB)~Y2 from Eq. (4.6)-(4.7), where for a muon
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v, = 85.162 MHz/kG, we find the values of Aj shown in Table 4.1. The subscript 0

| Compound | A [MHz] | Aj [G] | 7o [nsec] |

CrCug 49+£09 | 57£10 7TE1
CrNig 26 £2 300+£25] 10£1
CrMng 38 £ 2 446 £24 | 11+£1

Table 4.1: The values of the average local field experienced by the muons Aj and
the spin-spin correlation time 7y measured by puSR.

stands for ' — 0. Using 7 = (B/A~2)"/? from the same equations we find the values
of 7y presented also in Table 4.1. These values of Aj and 7, are self consistent with

the fast fluctuation limit. Most striking is the fact that all 79 values are very close.
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Figure 4.12: The values of Af vs. 1/S(S + 1) (upper and left axes), and the values
of 7 vs. S (lower and right axes).

The values of Aj and 7y are presented in Figure 4.12. One can see that the values
of A} increases with (/S(S + 1), indicating that the muons, which experience the
dipolar field of the molecular spin, stop in sites with a similar distance from the

magnetic moments of the molecules in the three different compounds. The values of
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To are very close but show a slight increase with the spin value S, indicating that the

spin dependence of 7 is very weak.
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Figure 4.13: The value of (S?) (T') as obtained from Eq. (4.13) for the different
compounds.

Finally, we would like to obtain the correlation time at all temperatures. This
could be calculated from T§" combined with magnetization measurements, at zero (or
very low) fields. In zero order approximation we assume that (B?) is proportional to
(S?) which is different from S(S + 1) since at temperatures kgT ~ J, states other

than the ground state S can be populated. Therefore in zero field

_ AP (S) (D))

T7HT) SR (4.12)
Taking
($2)(T) = %, (4.13)

where N is the number of molecules in the sample, pp is Bohr magneton, kg is the

Boltzmann factor, and g = 2, we find

(1) = =3, T Tx(T)AZ
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In Figure 4.13 we present (S?) (T) as a function of temperature for CrCug, CrNig
and CrMng, obtained from H — 0 DC-susceptibility measurements and Eq. (4.13). In
Figure 4.14 we present 7(7) as calculated using Eq. (4.14) for the different compounds.
The T dependence of the correlation time 7(7"), unlike the muon spin lattice relaxation
rate, reflects the dynamics of the molecular spin without the 7" dependence of the field
at the muon site. At T~ 100 K there is more than an order of magnitude difference
in 7 between the different molecules. As the temperature is lowered the correlation
time in all three compounds increases as the temperature is decreased, but reaches
a common saturation value of ~10 nsec (within experimental error) at 7" ~ 10 K.
At this temperature only the ground state S is populated. In other words, when the

HSM are formed at low T they have very close correlation times.
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Figure 4.14: The correlation time 7 as given by Eq. (4.14) as a function of
temperature for CrCug, CrNig and CrMng.
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4.3 SR Measurements in Gd

In this section we report on puSR experiments in Gd(CF3S0O3)3, a compound which
is known to behave like a paramagnet. We refer to this compound as Gd. The
paramagnetic behavior can be seen from measurements of the magnetization and

susceptibility in Figure 4.15. From the saturation value of the magnetization curve at
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Figure 4.15: The magnetization vs. H and the susceptibility multiplied by the
temperature as a function of the temperature in Gd. The solid line is the Brillouin
function for spin S = 7/2.

T = 2 K as a function of the external field H one can see that the spin ground state
of this compound is S = 7/2. The susceptibility multiplied by the temperature at
field H = 100 Gauss shows no temperature dependence indicating the paramagnetic
nature of the compound.

We studied this compound using the uSR technique as an example of a perfect
paramagnet, and compare the muon spin lattice relaxation rate in a perfect para-
magnet to that observed in the isotropic high spin molecules, especially at very low

temperatures. The asymmetries obtained in these measurements were found to follow
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an exponential behavior, and were fit to a function of the form
A(t) = Ape ™ + B, (4.15)

Ap was taken as a common parameter for all curves, while B, was allowed to vary
slightly (less than 10%) to account for the effect of the external field on the value of
« (see section 3.2) reflected in the value of B,.

The spin lattice relaxation rate A = 1/7T; as a function of temperature for different
external field values is presented in Figure 4.16. As expected the spin lattice relaxation

rate is temperature independent and further no field dependence is observed.
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Figure 4.16: The spin lattice relaxation rate for muon spin in Gd.

The spin lattice relaxation rate in the isotropic high spin molecules shows similar
temperature independent behavior at low temperatures. However, the effect of the
external field in the case of the high spin molecules was more pronounced, this can
be attributed to fast molecular spin fluctuations in the Gd compound, which are not

affected by the external field.
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4.4 NMR Measurements

In a SR measurement it is hard to determine the stopping site of the muons, or the
nature of its interaction with its surroundings, therefore the spin relaxation may be
caused by muon diffusion or even muonium (e~ — u™) formations, and not necessarily
due to spin lattice relaxation. However, using NMR one can measure the spin lattice
relaxation time of a local probe (nucleus) whose site is known, and compare it with
1SR results. The disadvantage of NMR compared to puSR is that in the former one
has to apply an external high field which couples to the spin of the molecules and
influences the dynamics.

In this section I will present the results of proton-NMR measurements in all three
compounds. The protons are most suitable in our case due to their chemical similarity
to ', with a different gyromagnetic ratio (vg = 4.257 MHz/kG) and different dipolar

interaction with the magnetic surrounding.

4.4.1 CrCug

CrCug has the lowest spin value among the isotropic HSM studied, therefore the
dipolar interaction between the local probe I and the molecular spin S , which decrease
with decreasing spin S , are smallest in this case. This gives us a possibility to better
resolve the NMR lines in this case, the lines are less broadened and their features
are sharper. This can be demonstrated by writing the dipolar interaction between
the magnetic moment 7 of the molecule and the proton spin as a dipolar field ﬁdip

acting on the proton, where

ﬁdip = g (3 cos® ) — 1) z (4.16)
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where r is the distance between the magnetic moment and the proton, and 6 is the
angle of the magnetic moment 7 relative to the proton spin (which is polarized in the
direction of the external field). Since we are measuring a powder we expect a powder
distribution probability of the angles # of the magnetic moments

P(6)do = Slgede

which is equal to the distribution probability of the local field experienced by the
protons, P(0)df = P(Haip)dHgip. One can write

dH dip 6m

dH g, = 70 df = gy sin 6 cos 8d6
and therefore
3
r
P(Hg; 4.17
(Haip) 12m cos 6 (4.17)
but from Eq. (4.16) one obtains
g L (Hawr (4.18)
cosf = | = : .
3 m
This gives the local field distribution (centered around the external field H)
3 (Hapr® 1 ~1/2
P(Haip) = 75— < s T3 (4.19)

However since 6 € [0, 7], then Hyyp, € [—2m/r®,m/r®]. The observed NMR lines
as a function of the field are a result of convoluting the receiver function (filtering
etc.) with P(Hgip), €.g. P(Hgip) convoluted with a Gaussian of width 0.05m/r?, is
presented in Figure 4.17.

The distance of the protons from the magnetic moment m, governs the dipolar
interaction and consequently the width of an NMR line. Thus one can differentiate
between different groups of hydrogen in the studied compound, according to their

distance from m.



CHAPTER 4. EXPERIMENTAL RESULTS 67

iy
N

Amplitude [a.u.]
s

R U S S

5 -3 -25 -2 -15 -1 -05 0 0.5 1 15 2
H[mird)

Figure 4.17: The NMR line-shape due to a dipolar interaction of the studied nuclei
with a magnetic moment m.

In Figure 4.18 I present the NMR line at 7" = 1.2K in CrCug, here one can identify

three different hydrogen groups. Two of these groups show a dipolar line-shape (G1

G3
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Figure 4.18: The proton NMR line at T'= 1.2 K and field H = 2.1542 T
(v =91.715 MHz) in CrCug. The solid lines indicate the different groups G1, G2
and G3. F nuclei are from Teflon

and G2), as indicated in the figure, and the third exhibits a shift associated with
hyperfine coupling of the protons to an electronic moment (G3).

In Figure 4.19 one can see the dependence of the line on temperature at field H =
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2.1545 T (frequency v = 91.715 MHz). The lines broaden due to the increase of the
molecular magnetic moment as expected from the static susceptibility measurements,
but the shape of the lines is preserved, showing the three different hydrogen nuclei
groups. One can see the saturation of the magnetization at low temperatures reflected

in the saturation of the width of the lines.
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Figure 4.19: The proton NMR lines at different temperatures and field H = 2.1542
T (v =91.715 MHz), in CrCus.

The group G1 is associated with a group of hydrogen bonded to carbon atoms
(see Figure 4.20), which are on average r(G1) = 3.8 A far from the Cu ions, the group
G2 associated with hydrogen bonded to nitrogen atoms (see Figure 4.20), which is on
average 7(G2) = 2.5 A far from the ions. The group G3 is associated with hydrogen

nuclei of water, of which a small quantity is adsorbed into the compound, and is
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located near magnetic moments.
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Figure 4.20: The CrCug molecule. Yellow is Ni, dark blue is Cu, black is C, light
blue is N and pink is H.

In Eq. (4.3) we present the spin lattice relaxation rate in relation to the time
correlation function of the local field, if we assume that this field is that of the
magnetic moment m = A < S >, and B(t) = AS(t)/r®, then Eq. (4.3) can be

written as [63]

1 _ 71%]"42 o iwt
= as [ (S-S, (0)) et (4.20)

where Si are the raising and lowering spin operators and w = vz Hy. This indicates

that the spin lattice relaxation rate is proportional to the dipolar interaction squared

2 (%)
_m —_—
T1 T3

and we expect that the ratio of T values of two different protons groups is equal
to the ratio of the average distance of the two different groups from the magnetic

moment to the power 6, e.g. for the groups G1 and G2

(Gl (G’ _
T.(G2) ~ ( ) =n. (4.21)

Saturation relaxation T} measurements in CrCug were performed at H = 2.1542 T,

and following the previous arguments we expect a double exponential relaxation,
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where the ratio of the relaxation times is kept constant
S(t)=1—Are T — Aye 717 (4.22)

where A; and A; are the amplitudes of the different groups’ contributions to the signal
and n is the ratio of the relaxation times of the two groups, defined by Eq. (4.21).
Indeed the saturation relaxation was found to follow Eq. (4.22) with a common value

of n = 4.7, for all temperatures and fields (e.g. see Figure 4.21). In Figure 4.22 the

= T=12K
e T=25K
T=40K
v T=10K
T=30K b
+ T=60K

Amplitude [a.u.]

00 L 1 1 1
0 10000 20000 30000 40000 50000

Time [usec]

Figure 4.21: The saturation relaxation measurement results in CrCug for different
temperatures at H = 2.1545 T (v = 91.715 MHz). The solid lines are fits to a
function following Eq. (4.22) with n = 4.7 (see text).

values of 17 as a function of temperature and for different fields are presented. The
value of 6y/n = 1.3 was found to be in a very good agreement with the expected value
from the average distances 3.49/2.55 = 1.36.

Plotting the value of In(1/77) versus the inverse temperature 1/T" reveals that
the low temperature part of this plot is linear for all measured fields, as seen in

Figure 4.23. This indicates that the spin lattice relaxation at these temperatures and



CHAPTER 4. EXPERIMENTAL RESULTS 71

T
= " H=0497 Teda
1000 - e H=1.024Teda
3 =7 H=2.154Tesla | 3
= =
8 - .
[ = =
100 Tt -t iiia x =
q A e ey
o *-
1 - E
10
TIK]

Figure 4.22: T as a function of temperature for different external magnetic fields in

CrCug.

Figure 4.23: The value of In(1/77) as a function of the inverse temperature for three
different fields in CrCus.
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fields is driven by thermal activation between the different spin states
— xeT. (4.23)

Plotting the values of A obtained from the linear fits as a function of the external field
H in Figure 4.24, indicates that A the activation energy is proportional to the field
H, ie. to the Zeeman splitting. The CrCug molecule at these temperatures is found
in its ground spin state S = %, and the spin lattice relaxation is due to transitions
within this ground state and different S, quantum numbers, as expected from the

Hamiltonian 4.2, and J much higher than the temperature.

Linear fit:

Ak A=A+B*H 4
A=0.0+0.1K

2 B=-2.9+ 0.1K/T b

A[K]

L 1 L 1
0 1 2

H[Tedd

Figure 4.24: The value of the activation energy A of the spin lattice relaxation rate
as a function of the external field

4.4.2 CrNig

Contrary to the case of CrCug, the proton NMR lines in CrNig have less features. The
lines presented in Figure 4.25 show an inhomogeneous broadening, as the temperature
is decreased, but no distinct nuclei groups can be seen. The large number of nuclei

groups and large magnetic moment of this molecule, yields NMR lines which are
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comprised of a large number of broad lines. However, at temperatures lower than
20 K two different proton groups can be observed, a narrow line which we attribute
to impurities in the studied sample, and the other is attributed to hydrogen nuclei
around the Ni ions in the molecules.

The saturation relaxation curves measurement on the broad line part in this com-
pound were found to follow a stretched exponential, which can be explained by the
many in-distinguishable proton sites, while the relaxation of the narrow part was
found to be much longer, indicating a very weak magnetic coupling of this group of

nuclei with its surroundings, supporting its attribution to impurities.
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Figure 4.25: The proton NMR lines in CrNig, at different temperatures and external
field H =2.1545 T (v = 91.715 MHz).

We evaluated the spin lattice relaxation times 7} of the protons belonging to the
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broad part of the line, by fitting the relaxation curves to
\?
S(t)y=1- Ae*(T_l) (4.24)

where = 0.6 — 0.75. The T} values as a function of temperature and for different
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Figure 4.26: The values of T as a function of temperature for different external

fields in CrNig.
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Figure 4.27: The value of In(1/77) as a function of the inverse temperature for two
different fields in CrNig
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fields are presented in Figure 4.26. The values of T} with external field H = 0.5 T
were found to be very short, and they should be taken qualitatively only.

Also in this case plotting In(1/7}) versus the inverse temperature 1/7" reveals that
for the fields H = 1 and 2 Tesla the low temperature part of this plot is linear, as seen
in Figure 4.27. One can see that the spin lattice relaxation rate in this compound
follows Eq. (4.23). The linear fits in Figure 4.27 show that the activation energy A
is =7.2 Kand —4 K at H =2 and 1 T, respectively. Therefore also in this case A is

proportional to the Zeeman splitting of the ground state.

4.4.3 CrMng

This compound has the highest spin ground state value, leading to a very short spin
lattice relaxation times, which is considerably harder to measure by NMR, therefore
the results presented here are of much lower quality compared to those presented for
CrCug and CrNig. However, the general temperature and field dependence of the spin
lattice relaxation rate is similar to the results in the other two compounds.

The proton NMR lines show inhomogeneous broadening as the temperature is
decreased, due to the high magnetic moment experienced by the protons. Similar to
the case of CrNig at temperature lower than 20 K two different proton groups can be
distinguished as seen in Figure 4.28. The narrow line is attributed to impurities or
water molecules adsorbed in the studied sample, while the broader line is attributed to
protons in the molecule which experience the magnetic field from the local moments
of the Mn ions.

The T} measurements in this compound were very difficult to carry out due to the

extremely fast spin lattice relaxation. The relaxation curves were found to follow a
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Figure 4.28: The proton NMR lines in CrMng, at different temperatures and
external field H = 2.1545 T (v = 91.715 MHz).
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Figure 4.29: The values of T as a function of temperature at H = 2.1542 T in
CrMng.
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stretched exponential behavior, similar to the case of CrNig. The spin lattice relax-
ation times were evaluated by fitting them to Eq. (4.24) with § = 0.6 — 0.75, and are

presented in Figure 4.29.

4.5 Comparing SR and NMR

Although our data support a picture where the muon spin relaxes due to dynamically
fluctuating magnetic fields, they leave open the interpretation of these fluctuations.
In order to address this question we compare the proton NMR 1/Tf measurements
to 1/T{ measured using uSR.

Since the proton gyromagnetic ratio is very different from that of the muon, we
scale the NMR results and plot them together with the SR results in Figure 4.30,
for CrCug (a), CrNig (b) and CrMng (c). The scaling factor C' used in Figure 4.30 is
0.02 for CrCug, 0.01 for CrNig and 0.225 for CrMng. It was chosen so that the scaled
NMR relaxation rates agree with the uSR rates at high 7" where no field dependence
is observed. After this scaling, we find a good agreement between the SR and NMR
data at all temperatures at the same external field, and not equal Larmor frequency
of the probe as one would expect, this result will be clarified in section 5.3.

The scaling factor provides information on the ratio of the field experienced by a
muon and by a proton. At high temperatures where T} shows no field dependence
one can assume that A > BH? in Eq. (4.5), and therefore 1/T} = A%r. Using the
definition of A? given in Eq. (4.8) we can write

C = (7—H>2 <E> _ B (4.25)
w) \T)  (BH"

where (B2)" is the squared RMS of the transverse field at the proton site, and (B2 )"

is the squared RMS of the field at the muon site in its general sense given by Eq. (4.9).
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Figure 4.30: 1/7; as a function of temperatures for different external fields,
measured by pSR and by NMR (after scaling) in (a) CrCug (b) CrNig and (b)
CrMng.

The values of C indicate that the local field experienced by the muons is of the order
of 0.1 of that experienced by protons in the same system, and therefore the muon
sites are far from the magnetic ions compared to protons.

Muons are attracted to negatively charged sites, in the HSM two negatively

charged sites are possible
e The cyanide bridge connecting the central Cr ion to the Cu, Ni or Mn ions.

e The perchlorate group separating the molecules.
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The distance of each of these sites is much larger than the distance between the
hydrogen atoms and magnetic ions. This fact is consistent with the ratio of the
magnetic field experienced by muons to that experienced by protons.

This comparison indicates strongly that in both techniques we are measuring the

probe’s spin lattice relaxation time due to the molecular spin fluctuations.

4.6 Summary

The pSR measurements in anisotropic Feg (S = 10) molecules show that the local
magnetic field experienced by muons in this compound is static over the lifetime
of muons. QTM is seen through steps in the local magnetic field experienced by
muons as a function of the field cycle applied on the compound before performing the
measurement.

In the isotropic HSM no QTM is found, due to the lack of an anisotropy barrier
between the different spin states. The local field experienced by the muons in these
compounds is dynamically fluctuating down to very low temperatures (7" = 50 mK),
and the muon’s spin relaxes via spin-lattice relaxation, enabling us to measure the
fluctuations rate of the molecular spin.

Spin-lattice relaxation values measured by proton-NMR in isotropic HSM scale
with those measured using uSR at the same external field, supporting the assumption
that the muon’s spin relaxes due to field fluctuations and not muon diffusion, and
furthermore it exhibit the isotropic nature of these molecules.

The spin-lattice relaxation in the isotropic HSM was compared to that measured
in the paramagnet Gd (S = 7/2). The muon spin-lattice relaxation rate in Gd was

found to be temperature independent at all measured temperatures (50 mK up to
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300 K), and no field dependence was observed.

A temperature independent spin lattice relaxation rate was found in all isotropic
HSM at low temperatures and low fields similar to that observed in the Gd compound,
indicating again the isotropic nature of the HSM. However, external field dependence
of the muon spin lattice relaxation was absent in Gd (up to 2 kG), while strong field
dependence was found in the isotropic HSM.

The molecular spin fluctuations rate in the isotropic HSM was calculated from
the field dependence of the muon spin lattice relaxation rate at low temperatures and
low fields. It was found to depend weakly on the molecular spin S and the coupling
between ions’ spins inside the molecule J, ruling out fluctuations that are induced by

interactions which depend strongly on these parameters.



Chapter 5

Theoretical Calculations

The Hamiltonian of the isotropic high spin molecules at zero field can be written as
Ho=—J> S5, (5.1)

where Sy is the spin of the central Cr ion (with S = 3/2), i runs over the peripheral
Cu, Ni or Mn ions (with S =1/2, S =1 or S = 5/2), which are coupled to the central
Cr ion, with coupling constant J. At temperatures lower than J only the ground spin
state S =9/2, S =15/2 or S = 27/2 is populated.

The Hamiltonian H, is isotropic therefore the total spin .S and the spin in the z
direction m are good quantum numbers, and the eigenfunctions of Hy can be written
as |\S, m >. However, at very low temperatures T' < J, the degeneracy of the ground
state is removed by additional anisotropic perturbation on Hy or high order terms in
the spin Hamiltonian. Such terms that do not commute with H, can cause transitions
between the different spin states |S,m > [27, 28, 29, 30, 31, 40, 41, 64, 65, 66, 67|,
and induce the observed spin dynamics.

The anisotropic term in the Hamiltonian can be written as the sum H* = H.+H,,,

where H,. commutes with the Hamiltonian H,, and H,, does not commute with it.
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These terms may be a result of to dipolar interaction between neighboring spins
[27, 66], spin phonon interaction [40, 67|, nuclear fluctuations [41], high order crystal
field terms [4, 27, 28, 29, 30, 31| or small anisotropy in the coupling J between spins
[68].

In this chapter we will calculate the value of the spin lattice relaxation time T in
the isotropic HSM. In order to do that we diagonalize the Hamiltonian Hy + H.. We
show that we can calculate the magnetization and susceptibility of the compounds
using the eigenvalues and eigenfunctions that we obtain. Then we use the eigenvalues
and eigenfunctions of the Hamiltonian to calculate T7, taking H,, as a perturbation.
The perturbation introduces a finite lifetime for the different spin states |S,m > and

induces spin dynamics.

5.1 Exact diagonalization of the Hamiltonian
To calculate the eigenvalues of the Hamiltonian (5.1) we write it in the form
— 6 —
i=1
using S=38,+ DO S, and S, = PO S one can write
L J /o o
Ho = —=JS0- 5 =3 (?-52- ). (5.3)
The energy eigenvalues of the sates |S,m >= |5y, S;, S, m > are
J
Es = E(S, St, So) = —E (S(S + 1) - St(St + 1) - S()(S() + 1)) (54)

where we use the notation S for the set of numbers (5, S;,Sy). The degeneracy of

the state |S,m > is the degeneracy of the value of S;. In Figure 5.1 we present the
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Figure 5.1: The energy levels of the Hamiltonian H, for CrNig as a function of (a)
the total spin S and (b) the spin in the z direction m.

energy levels of CrNig as a function of the total spin S (a) and as a function of the
spin in z direction m (b).
Adding the Zeeman term when an external magnetic field H is applied and the

uniaxial term with anisotropy D to the Hamiltonian H, gives the full Hamiltonian
H = Ho - g,uBHSZ — DSS (55)
for which the eigenfunctions |S,;m > are not changed and the eigenvalues are

J
ES,m = —5 (S(S + 1) — St(St + 1) — S(](So + 1)) —gupHm — Dm® (56>

5.2 Static susceptibility

The static susceptibility can be calculated as a function of temperature and external

field, first we calculate the magnetization

M(T)=<5,>= >

|S,m>

(5.7)
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ES,m
T

where Z = g .~ exp (— ) is the partition function. The static susceptibility is
defined as y = OM/OH. However at low fields where M is proportional to H the

susceptibility is equal to its “experimental definition”
X(T) = ——. (5-8)

In Figure 5.2 we fit the experimental measurement of x7" as a function of temperature
in (a) CrCug, (b) CrNig and (c) CrMng, at fields H = 100 G and 2.15 T, to the
calculated value of xT" from the Hamiltonian (5.5) and Eq. (5.8). From the fit one
obtains the coupling constants Jo,_cu = 77 K, Jor_ni = 24 K and Jerovm = —11 K

and anisotropy D =~ 0 for all three molecules, within the fitting accuracy. This

00024

00022
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= H=100G | | [ = H=100G | ]
o H=215T | - 0014 | o H=2.15T | {
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00016 [
= ooota |
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L L L L
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Figure 5.2: The susceptibility multiplied by temperature as a function of
temperature at two different external fields, measured in (a) CrCug (b) CrNig and
(¢) CrMng. The solid lines are fits to the theoretical expectation (see text).

indicates that indeed the high spin molecules can be well described by the Hamiltonian

(5.5), and that the molecules are indeed isotropic.
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5.3 1) Calculation

Assuming for simplicity an isotropic interaction between the probe I and the local
electronic spins S

H;g = AL - S (5.9)

the spin lattice relaxation is given by [63]

1 A2 g

T~ 2 ) (S_(t)S4(0)) e™'dt (5.10)

where w = vH is the probe’s Larmor frequency in an external field H. To calculate

the value of

(S_(1)S1(0)) = (e ™/hg_MiIng ) (5.11)

for the eigenstates |\S,m > of (5.5), we start by evaluating

TG (MG 1S > = T Tt/ng Mot/h [G(S 1) —m(m + 1)|S,m + 1 >
ES,m+1_ES,m

- (S(S—I—l)—m(m—kl))ei( g )t|S,m>

therefore
i(ES’m+17ES’m)t6_ E%:m
(S_(t)S(0)) = Z (S(S+1)—m(m+1))e " Z (5.12)
|S,m>

where Z is the partition function, this yields

1A E E -5

L S,m+1 — LYSm € T .

= 2(5(w—|— ; ) S S S —mim ). (5.13)

|S,m>

This result is true for a system with levels of infinitely long lifetime. However, as-
suming a Lorentzian broadening of the levels, due to the non-commuting additional

terms in the Hamiltonian H,,, we arrive at

CRUERUIED S (S(5+ 1) — mpm -+ 1)) mre ()

|S,m>

(5.14)
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where 7g,, is the lifetime (or the inverse of the broadening) of the level Eg,,. Hence

Eg m
1 A? e~ T © __t .,
— (S(S+1) —m(m—I—l))/ e TEm et dt (5.15)
T 2 & Z .

where w' = w + (Eg 41 — Esm)/h. The energy eigenvalues of the Hamiltonian (5.5)
are total spin independent, in our case of isotropic molecules D = 0, and the energy

difference is Egmi1 — Esm ~ —gupH, therefore ' = w — %2 H and

ESm
-4 S(S+1) — ) [ IEme T ) 5.16
T, 2Z |sm>( (8 +1) —m(m + D(l%—uﬂ%ﬁm) (5.16)

This result gives an important understanding of the comparison between the spin
lattice relaxation rate measured by puSR and NMR. The field dependence of 1/T}
comes from w’ = (y—gup/h)H. Since the gyromagnetic ratio 7 of the probe (muon or
nucleus) is much smaller than gup/h (electronic gyromagnetic ratio), w' ~ —gupH/h
does not depend on the value of 7. Therefore the field dependence of the spin lattice
relaxation rate 1/7T7 is independent of the value of . This explains the fact that the
spin lattice relaxation rate measured by proton-NMR can be scaled to match that
measured by uSR at the same external field, and not at the same Larmor frequency of
the probe. However, Eq. (5.16) is valid assuming that H,, is smaller than the Zeeman
splitting, Eg m+1 — Es m, i.e. at high fields gupH > H,,. When the Zeeman splitting
is smaller than H,,, w’ should be replaced by w = vH, in Eq. (5.16).

The lifetime 7g,, of the level |S,m > can be expressed in terms of transition

probability from the state |S,m > to another state |S’,m’ >

1
— = > p(S,m— S, m) (5.17)
TSm (stmh)£(Sm)
which depends on the additional parts of the Hamiltonian that induce these transi-

tions. I will try to account for this lifetime assuming different possible interactions.
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5.3.1 Spin-Phonon Interaction

To account for the temperature dependence of T} we should take into considera-
tion the transitions induced by spin-phonon interactions. The spin-phonon coupling

Hamiltonian [67, 69] of the ion n is
Hay = D Gijiiwa ' *eaitaj(aa + al)(SEST + S7'SY) (5.18)

where « labels the phonon modes with annihilation creation operators a, and al,, qq,
eo and w, are the wave vector, polarization and frequency, respectively. 7, 7, etc. are
Cartesian indices. For the sake of simplicity we assume that the tensor g;;y is only
weakly ¢ dependent.

The Hamiltonian (5.18) holds for an individual spin of an ion inside the molecule,
i.e. a phonon can interact with an individual spin of an ion causing a change in
the ion’s spin and a transition of the spin state of the whole molecule. The total
spin-phonon Hamiltonian of the whole molecule is the sum of all the individual ions’
Hamiltonians

Heyp = > Hi (5.19)
n
Assuming that the coupling constant in the Hamiltonian (5.18) is constant, and in-
dependent of the ion n, one can write the transition rate from a state |S,m > to a
state |S’,m’ >, using the golden rule in perturbation theory [70]

3 [(S,m[Hy|S" m') 1

p(Sa m — Slam/) = (Ews,m_E’S/,m’)3

2 7t ped exp [(Esm — Egr ) /T] — 1

(5.20)
This result involves the matrix element (S, m|Hs,|S’,m’) of the spin phonon inter-
action, the phonon velocity ¢, the specific mass p and the energy difference (Eg,, —
Es ), where it was assumed that Fs,, > Eg . To get the right order of mag-

nitude, and simplify the calculations, we assume a constant spin phonon interaction
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matrix element, arriving at

C(Esm — Esrm)?

oxp [(Bsm — By ow)/T] — 1 (5.21)

p(S,m — S m') =

where
3 [(S,m[Hp|S",m") |2

¢= 27 h ped

The transition probability due to spin-phonon interaction strongly depends on
temperature. At very low temperature phonons die out exponentially with decreasing
temperature, yielding a very low transition probability, and extremely low spin lattice
relaxation rate values 1/7) as seen in Figure 5.3. Therefore this interaction cannot
give a full explanation to the nonzero spin lattice relaxation rate at low temperatures,
which is observed in experiments [64, 65], and additional terms in the Hamiltonian

should be considered.

11T, [usec’]

1
1 10 100
TIK]

Figure 5.3: Spin lattice relaxation rate as a function of temperature for different
fields in CrNig, when assuming spin-phonon interactions only, where C' = 400 1/sec
K3 and A = 5.2 MHz.
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5.3.2 Other Interactions

In order to obtain a finite spin lattice relaxation rate at very low temperatures, the
lifetime of the levels should be finite. This cannot be accounted for by spin-phonon
interaction as seen in the previous section. A finite lifetime can be achieved if one
simply assumes a finite broadening of the levels due to an additional interaction H,;,
giving a short lifetime 7;,,; for the levels. The assumption implied by the experimental
results [65] is that 7;, is temperature and field independent at low fields.

In this case the total lifetime of the levels is

1 1 1
— = (— + ) . (5.22)
TS,m Tsp Tint

At high temperatures the value of the spin-phonon contribution to the lifetime, 7,

is much smaller than 7;,, and the value of T} is dominated by spin-phonon induced
transitions, while at very low temperatures 75, is much longer than 7;,, and the
value of T} is dominated by the broadening of the levels (or 7;,;). At intermediate
temperatures both mechanisms contribute to the spin lattice relaxation.

In Figure 5.4 we present the experimental values of 1/T, measured by uSR [65],
as a function of temperature at different fields, for the molecules (a) CrCug, (b)
CrNig, and (¢) CrMng. The solid lines are fits to the theoretical value expected
assuming transitions which are induced by spin-phonon interaction in addition to a
finite broadening of the levels, as described above. The fits give the values summarized
in Table 5.1.

The values of 7;,; obtained from the fits are much smaller than those calculated
form the experimental results 7y in section 4.2. The values 7;,; were calculated using

Eq. (5.16) with w’ ~ gugH, while the calculation in section 4.2 assumes that

1 ASQTO
— = 5.23
Tl 1 + w27_g ( )
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Figure 5.4: The value of 1/T} as a function of 7" at different fields, measured using
pSR in (a) CrCug, (b) CrNig and (¢) CrMng. The solid lines are fits to the
calculated value (see text).
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| Compound || 7, [nsec] | C [1/sec K] | A [MHz] |
CrCus | 0.034(4) | 0.13(9) 1.7(1)
CrNig | 0.053(4) | 400(60) | 5.2(2)
CrMng || 0.044(4) | 0.004(1) | 4.7(2)

Table 5.1: The fit parameters of the theoretical calculation of the spin lattice
relaxation to the experimental values from pSR measurements

where w = v, H. Therefore we expect that the relation between 7y and 7;,; follows

/
o _ Y L IkB (5.24)

Tint w ’yu

For a muon we expect 79/7;,; = 206.5 which is indeed the ratio of the values from
Tables 5.1 and 4.1. Similarly the values of A* from Table 4.1 are related to the values
of A from Table 5.1 by

AS

N:E (5.25)

which hold within the error for all three molecules.

The values of 7;,; is Table 5.1 indicate that H,, is of order of 0.7 — 1.1 K, which
is larger than the Zeeman splitting in fields up to 2 kG. Therefore to get the right
values of 7;,; one should use Eq. (5.16) with w = v,H instead of w’. This yeilds
values of 7;,; as follows: 7, = 7.0(8) nsec for CrCug, ;s = 10.9(8) nsec for CrNig,
and 7, = 9.1(8) nsec for CrMng.

The fits in Figure 5.4 are satisfactory, considering the simplifications that we have
used, and it gives the correct general behavior of the experimental data. However, at
very low temperatures and high fields the theoretical calculation deviates from the
experimental data. Similarly at high temperatures 7' > J, where 1/T} is very small,
the theoretical calculation deviates from the experimental data (especially in the case

of CrNig). We believe that the origins of the deviation at high temperatures is that
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the Hamiltonian (5.5) does not describe the system well enough, and that the value
of 1/T; is very small and is harder to estimate experimentally. This can also be seen
in Figure 5.2, where at high temperatures the calculated value of x7T' deviates from

the experimental values.

5.4 Summary

The calculated spin lattice relaxation rate of a local probe, with gyromagnetic ratio
7, in the isotropic HSM follows Eq. (5.16). This result remains valid assuming an
isotropic interaction between the probe’s spin and the molecular spin, and assuming
a finite lifetime 75, for the spin state |S,m >.

Eq. (5.16) indicates that the spin lattice relaxation rate in these molecules is
almost independent of the probe’s gyromagnetic ratio, and therefore the measured
values of spin lattice relaxation by SR and proton-NMR scale at the same external
field, and not at equal Larmor frequencies.

The parameters deduced from the fit of the experimental results to Eq. (5.16)
agree with the calculated local field A* experienced by muons, and with the calculated
fluctuations rate 7y calculated by pSR.

The lifetime 7g,, of the spin state |S,m > is dominated by two mechanisms,
the first is spin phonon interaction (thermal activation) which dominates the high
temperature regime 7' > J, and the second is a temperature and field independent
interaction which dominates the low temperature regime 7' < J. The interaction
which dominates the spin lattice relaxation at low temperatures and low fields, was

found to depend weakly on the value of S and J.
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Conclusions

Using the SR technique we observed quantum tunneling of the magnetization (QTM)
in Feg (S = 10) compound. We sweep the external magnetic field applied on the Feg
sample from +2 T, to some intermediate field H;, and then to —50 G at T = 40
mK where no thermal activation occurs. The precession frequency of muons in the
sample changes depending on the value of H;. QTM is observed through steps in the
frequency as a function of H;, which reflects tunneling between different spin states
of the neighboring Feg molecules. These steps coincide with the matching fields, at
which different molecular spin states of different directions, up or down, have the
same energy level, and therefore the molecular spin can tunnel between them.
In the high spin molecules (HSM) CrCug (S = 9/2), CrNig (S = 15/2) and CrMng
(S = 27/2) no evidence of QTM is found, this is due to the fact that these molecules
are highly isotropic. The results from magnetic measurements indicate that the main
part of spin Hamiltonian for these molecules is of the form
6 L6
H=—JY S-S —gusH-> 5 (6.1)
=1 =0

where §0 is the spin on the central Cr ion and g@ are the spins of the Cu, Ni or Mn
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ions. H is the external magnetic field and J is the coupling between the spins of the
Cr ion with each one of the Cu, Ni or Mn ions. The values of the coupling are found
to be Jor—cu = 77T K, Jor_ni & 24K K and Jo,_vm &~ —11 K. In such isotropic HSM
any small perturbation added to the Hamiltonian (6.1) can drive transitions between
the different spin states, even at very low temperatures.

We studied the dynamics of the molecular spins of the isotropic molecules through
spin lattice relaxation measurements using SR and NMR. The spin lattice relaxation
rate is closely related to the local field time correlation function in the site of the
measurement probe (muon or nucleus). It is found that in the isotropic HSM the spin
lattice relaxation rate increases when decreasing the temperature, and saturates at
low temperatures 7' < J, and low fields.

When comparing the spin lattice relaxation rate in the isotropic HSM with that
measured in the high spin paramagnetic compound Gd (S = 7/2), the fact that the
molecules CrCug, CrNig, and CrMng are indeed isotropic, is again proven. The spin
lattice relaxation in Gd is found to be temperature independent at all temperatures
due to the fact that it is a paramagnet that has no significant energy scale at zero
field, similar to what is seen in the isotropic HSM at low temperatures.

Assuming an isotropic interaction between the local probe (with gyromagnetic
ratio ) and the molecular spin, and that the lifetime of the spin states |S,m > is

Ts.m, One can write the spin lattice relaxation rate in the isotropic HSM in the form

Eg m
1 A2 TSm€ T
— = 1) — ) | 22— 2
T =2z 2 (S(S+1)—m(m+1)) (1 +w,27_§’m) (6.2)

where A is the coupling constant between the molecular and probe spins, Eg,, is
energy of the state |S,m >, w’ = w— %2 H with w the Larmor frequency of the probe

in field H, and Z is the partition function.
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In order to fit the calculated value of 1/T} to the experimental results from uSR,

one has to take into consideration two contributions to the life time of the levels

1 1 1
— ==+ (6.3)
TS,m Tsp Tint

where 7, is the contribution from spin-phonon interaction

i _ Z C((E‘S,m - ES’,m/)3 (6 4)
Tsp S m!> eXp [(Es,m - ES’,m’)/T] -1

and 7;,; is a constant, which is contributed by an additional interaction. At high
temperatures 1" > J, we have 75, < T;¢ and the lifetime of the levels is dominated
by spin-phonon interaction, yielding 7g,, ~ 7,,, while at low temperatures T" < J, we
have 75, > 7,,; and the lifetime is dominated by the additional interaction, yielding
TSm = Tint-

Thus the spin dynamics in the high temperature regime is governed by thermal
activation, i.e. the probe’s spin lattice relaxation is dominated by transitions between
the different electronic spin states |.S, m > with different S value, which are thermally
activated. Once the temperature is low and only the 25+ 1 degenerate electronic spin
ground state is populated, transitions due to thermal activation between different S
states become scarce and spin dynamics is solely due to transitions between states
with different m value.

The calculated lifetime of the levels 7;,; is found to vary between 7 — 11 nsec,
which can be translated to a broadening of 3 — 5 mK. Therefore we expect that
the interaction which introduces the spin dynamics in these molecules produces level
broadening of the same order of magnitude.

The temperature and field independent levels broadening 1/7;,, calculated above

can be attributed to an interaction that does not commute with S, and induces
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transitions between the different m states. This interaction can be dipolar between
neighboring molecules, hyperfine between molecular and nuclear spins, crystal field
higher order terms, etc. However, the striking fact is that the lifetime is similar in
all three molecules, indicating that it does not depend strongly on the spin of the
molecule or the coupling J between ions inside the molecule, which varies greatly
between the three molecules.

This indicates that the weak dependence of the broadening on the spin value
cannot be explained by interactions which are quadratic in S or have higher S de-
pendence. This rules out dipolar interactions between neighboring molecules since in
the three compounds the nearest neighbor distance is ~ 15 A. Similarly, crystal field
terms which are allowed by the octahedral symmetry (S? or higher [71]) are unlikely.

The only mechanism suggested to date for level broadening of HSM, which de-
pends weakly on S is the hyperfine interaction between nuclear and electronic spins.
This mechanism can account for the finite spin lattice relaxation rate at very low
temperatures [72]. However, the values of broadening calculated above might be in-
accurate due to the simplifications made in the calculations, but give the right order
of magnitude expected from hyperfine interactions [73].

Hyperfine interactions in anisotropic high spin molecules were studied recently
[31, 47], and their effect on QTM is becoming clearer [74, 75]. We believe that this
interaction also governs the spin dynamics of the isotropic molecules at very low
temperatures (7" < 3 K), while at high temperature (7" > 10 K) the molecular spin

dynamics are governed by spin-phonon interactions.
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