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Chapter 1

Introduction

The ability to understand, predict and control the properties of matter in reduced

dimensions is the crucial key for the design and development of future technology.

When magnetic materials reduce in size we may actually observe a crossover from

classical to quantum behavior and new theoretical and experimental tools are

required. The challenge is therefore to find and exploit novel phenomena.

The approach to magnetism at the nano scale is two-fold: one aspect is ma-

terial engineering, to design and create novel materials those properties are ex-

perimentally characterized and theoretically predicted; the other approach is the

simultaneous development of innovative techniques, to prepare, study and even

manipulate these samples down to the smallest scale.

From the point of view of material engineering, molecular magnets are fasci-

nating since they offer the opportunity to control magnetism starting from the

very bottom, i.e. at the molecular level. In addition, their truly reduced dimen-

sion (≈ 1 nm) makes it possible to observe novel phenomena due to the quantum

mechanical nature of the spin systems: quantum tunnelling of the magnetization,

spin states superposition, quantum coherence etc. . . .

On the experimental side, Hall micro-probe magnetometry is considered an

appealing technique, since it is one of the few showing high field sensitivity, in a

reduced dimension (1 µm or even below) and almost without any limitation in

temperature or applied fields. Current state of art Hall sensors have enough sen-
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1. Introduction

sitivity to detect individual magnetic nano-dots. More interesting, the possibility

to develop probes with lateral sizes in the 10 − 100 nm range can provide true

nanometer-scale devices, with enough sensitivity to measure even single molecules

or single spins.

With this thesis I develop the use of the Hall probe magnetometry technique

for the study of novel families of molecular nanomagnets. During my work, indeed

I have implemented Hall micro-probes magnetometry in a commercial Quantum

Design PPM-system and employed this set-up to measure the magnetization of

small crystals (10 − 100 µm in size) of molecular magnets. In addition, I’ve

developed Hall nano-sensors that can be used as ultra-sensitive magnetometers.

This thesis is organized as follows: I will firstly introduce the reader to molecu-

lar nanomagnets and to Hall probe magnetometry, then in Chapter 2 the whole

experimental set-up will be presented and finally Chapters 3-6 will be dedi-

cated to show part of the results I obtained. In Chapter 3 I will describe the

fabrication and characterization of Hall nano-probes with lateral size as small as

100 nm and high flux sensitivity, obtained by focused ion beam milling; Chap-

ters 4-6 will concern about my research on molecular nanomagnets. The high

magnetocaloric effect of Fe14 molecular cluster and the tunability of competition

between dipolar coupling and single molecule anisotropy in Fe17 nanomagnet will

be discussed in Chapter 4. In Chapters 5 and 6 I will respectively present our

characterization of linked antiferromagnetic molecular rings that can be used as

quantum gates for quantum computing and of a new family of molecular clusters

(Ni10) showing very slow dynamic at high temperature that can not be explained

within the usual framework of phonon-assisted relaxation. In the final Chapter

(7), general conclusions of the work and future perspectives will be discussed.

2



Molecular Nanomagnets

1.1 Molecular Nanomagnets

The chemical approach to material science offers a reliable way of designing and

assembling materials in which the properties can be tuned at the molecular level.

Molecular magnetism certainly plays an important role in the study of molecule-

based materials [1]. This field, born in the beginning of the 70’s, is continuously

attracting increasing interest, and it is now become a rich research topic, thanks

to the efforts and nice results of many groups, both chemists and physicists.

Among the current trends in molecular magnetism, a primary part is taken by

the study of oligonuclear compounds that behave like small magnets: the so-called

molecular nanomagnets 1.

Nanomagnetism is defined as the discipline dealing with magnetic structures

of sub-micron dimension; it is a rapidly expanding area of research that appears

able to provide a large number of novel applications, from high density mag-

netic media, to new type of devices where the charge property of the electron

is combined with its spin (i.e. spintronic) [5, 6]. Magnetic molecules represent

the ultimate possible size of a nanomagnet, providing a unique opportunity to

observe the coexistence of classical and quantum properties.

Molecular nanomagnets, the prototype of which is considered the Mn12-acetate

molecule [7–9], consist in clusters of a finite number of magnetic centers (transition-

metal or rare-earth ions, or even organic radicals) strongly coupled with each

other, surrounded by shells of ligand molecules. The resulting intra-cluster in-

teractions far exceed inter-cluster ones, such that every magnetic molecule can

be considered a single (nano)-object. Usually these molecules are well ordered,

forming crystals of macroscopic sizes. These materials are thus in between the

macro- and microscopic world, since macroscopic measurements can give access

to the properties of the single molecule (ensemble average), governed by the laws

of quantum mechanics. Molecular nanomagnets are to date the best candidates to

observe quantum effects in magnets, such as the tunnelling of the magnetization.

1Exhaustive reviews about the topic of molecular nanomagnets can be found in Refer-

ences [2–4]
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1. Introduction

Because of these fascinating properties, these materials can be employed for

completely new types of devices and applications, such as quantum computing [10]

or magnetic molecular junctions [11]. In this thesis, I have studied properties of

novel families of molecular nanomagnets with different purposes: ferric clusters

with large total spin and small anisotropy, where the magnetocaloric effect and

the interplay between dipolar coupling and single molecule behavior have been

studied (Chapter 4); antiferromagnetic molecular rings linked together to per-

form quantum logic gates in quantum computing (Chapter 5) and a decanuclear

Ni-cluster showing slow relaxation of the magnetization at high temperatures

(Chapter 6).
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Hall micro-probe magnetometry

1.2 Hall micro-probe magnetometry

The ability to fabricate and control properties of nano-scale magnetic structures

has brought not only to the discovery of several new physical phenomena and

possible future industrial applications, but also the development of a large num-

ber of experimental techniques to investigate ’nano-objects’. Among them, Hall

micro-probe magnetometry is a very appealing one, being non-invasive and of-

fering high field sensitivity in a reduced dimension, with almost no limitations

in temperature and magnetic field. Firstly, I will briefly introduce the Hall ef-

fect and then the main characteristics of a Hall magnetometer will be discussed,

including a short review of Hall probes presented in the literature.

1.2.1 The Hall effect

In 1879 Edwin H. Hall found that when a charge current is placed in a perpen-

dicular magnetic filed, a transverse voltage (known as Hall voltage) appears, due

to the Lorentz force on the charge carriers. The experiment is depicted in Fig-

ure 1.1 and it can be described within the framework of Drude model: the current

is flowing through the material strip in the x-direction and a magnetic field B is

applied along z; the force acting on the charge carriers can be written as [12,13]

F = q(E + v ×B) (1.1)

where q is the charge and v the drift velocity of the carriers: they are deflected

by the Lorentz force toward the negative y-direction, generating the electrostatic

potential Ey that prevents further accumulation. In stationary conditions, eEy =

evxBz with the current flowing along x. The Hall voltage is thus given by

VH = wEy = vxBz =
jxBz

ne
(1.2)

where w is the width of the conductor, jx the current density along x and n the

charge carriers density. Since j = I/wd (d is the thickness), the final relation is

obtained

VH = RHIBz (1.3)

5



1. Introduction

Figure 1.1: Schematic view of Hall’s experiment

having defined the Hall coefficient RH as

RH =
Ey

jxB
=

1

ned
(1.4)

The Hall voltage VH turns out to be proportional to the magnetic field and the

current, and inversely proportional to the carrier density n of the conductor.

Thus, the Hall effect can be used to determine n and the sign of charge carriers

in a material, that is related to the shape of the Fermi surface in the framework

of electronic band theory.

1.2.2 Hall devices

If n the density of charge carriers is known, the Hall effect can also be used to

measure the magnetic field2. The simplest geometry for an Hall probe (i.e. the

Hall cross) is seen in Figure 1.2. If a magnetic object is placed near the active

area of the probe, then the Hall signal will be proportional to the sum of the

external field B and the magnetic stray field coming from the sample and enters

in the active area. Considering the geometry of Figure 1.3, it can be seen that

this field is related to the magnetization. This constitutes the basis of the Hall

probe magnetometer.

Depending on the mobility of the charge carriers and the temperature, there

are two regimes to take into account: diffusive transport when the mean free path

2it actually measures the magnetic flux density
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Hall micro-probe magnetometry

Figure 1.2: The Hall cross. The output signal is the Hall voltage Vxy, proportional to the

driving current I and to the perpendicular component of the field B that enters in the active

area of the probe.

of the charge carriers is much less than the size of the Hall cross, and ballistic

transport when the mean free path is much larger of the probe’s size. In the

ballistic regime, charge carriers do not scatter while they are in the probe active

area. It has been calculated [14] that the Hall response is determined simply by

the average of the magnetic field in the intersection between current and voltage

leads, even in the presence of an extremely inhomogeneous field. Conversely, in

the diffusive limit, the Hall effect in an inhomogeneous field is usually computed

by several techniques [15, 16] and it turns out that it depends on the specific

geometry of the active area [15]. However, in both the limit cases of homogeneous

and extremely inhomogeneous field the response function is always proportional

to the average field, and, considering a symmetric cross, approximatively doubles

the effective area of the probe [15,16].

Thus, Hall sensors are actually fluxmeters, as in the case of SQUIDs magne-

tometers.

Sensitivity

The magnetic field sensitivity of a Hall sensor (usually indicated with Bmin)

expresses the minimum magnetic field, averaged in the whole active area, that

can be detected. It is defined as the ratio between the Hall signal VH = IRHB

7



1. Introduction

Figure 1.3: Two examples of Hall probe magnetometer. (a) The Hall device senses the external

field plus the magnetization of the sample (4πM = B − H), and one probe is left empty for

reference. (b)The Hall voltage as a function of an applied external field is due to the stray field

(proportional to the sample’s magnetization) that penetrates the active region, in this special

case a 2DEG layer. Figures taken from References [20](a)and [41](b).

and the electrical noise present in the measurement.

Bmin =

√
VJohnson

2 + IRnoise
2

IRH

(1.5)

where the two major contributions to the voltage noise are considered. VJohnson =√
4kBTRsf (where kBT , Rs and f are thermal energy, series resistance of the

device and the measurement bandwidth, respectively) is the so called intrinsic

or thermal noise and arises from the resistance of the voltage leads; IRnoise is a

resistive noise that manifests itself as telegraph noise in the time trace of the Hall

signal and has a 1/f -like component in the frequency domains. It is probably

due to fluctuations of the total resistance of the device [17].

As it can be seen in Equation 1.5, the Johnson noise can be suppressed increas-

ing the value of the driving current I, but, above a certain value, the resistivity

noise becomes the dominant one. In addition, also self heating effects (I2R) im-

pose constraints on the value of I. It turns out that there is an optimal value

for the driving current (I0, material dependent) that minimize the noise. Un-

der this condition, Bmin can be related to the physical parameters of the sensor,

solving the equations that governs the behavior of the Hall effect [12, 15]. In

8



Hall micro-probe magnetometry

particular [18]

Bmin ∝ 1
√

nµw
√

d
(1.6)

being n and µ the density and mobility of charge carriers and w and d the width

and thickness of the probe. Generally speaking, the field sensitivity increases

with the mobility of the conductors, while it worsens scaling down the size of the

probe. This can be simply understood since smaller probes and material with

low carriers mobility usually have show high resistance values, thus increasing the

sources of electrical noise.

Commercial high field resolution Hall probes are made of high mobility semi-

conductors (usually InSb for room temperature applications, GaAs/AlGaAs two

dimensional electron gas (2DEG) for low temperatures). These materials are

chosen for the special combination of low density of charge carriers and high mo-

bility. The small value of n gives high Hall coefficient since RH∝ 1/n, while high

mobility µ means smaller resistance. Standard probes with lateral width from

100 µm to some mm and can detect magnetic signals Bmin . 1 nT/
√

Hz 3.

Application

Hall effect sensors are being used in industrial applications as proximity switching,

position and current sensing and speed detection from the second half of the 20th

century. Conventional Hall probes are currently the most used devices for high

precision magnetic field measurements.

In recent years miniaturized Hall probes have been widely employed as ultra

sensitive magnetometers [19, 20]. Micro and submicron probes have also been

mounted on scanning microscope systems, originating a new magnetic imag-

ing technique, called scanning Hall probe microscope (SHPM) [21, 22]. Hall

probe magnetometers and scanning microscopes have been successfully used to

investigate properties of individual magnetic nanoparticles and their arrays [19,

20, 23–28], vortices and flux distributions in superconductors [29–32], magnetic

domains and domain walls [33–37]. Other applications in which Hall probes

3see [18] and references therein
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1. Introduction

can be employed are detection of magnetic microbeads for bio-chemical applica-

tions [38,39], and imaging and development of new high density magnetic record-

ing media [40–42]. Recently, also the detection of magnetic resonance signals with

an Hall sensor as the sensitive element has been demonstrated [43,44].

Hall micro-probes and nano-probes

Miniaturized Hall sensors are usually made of GaAs/AlGaAs 2DEG systems, have

lateral sizes in the micron (or even sub-micron) scale and typical field sensitivity

ranging from 10−6 to 10−8 T/
√

Hz below ≈ 100 K [19, 20, 22, 31], while lower

carriers mobility and higher resistance limit this sensitivity to 10−4 T/
√

Hz at

room temperature [17,45,46]. Even if the field sensitivity is worse than for larger

probes, reduced sizes offer a better coupling with the magnetic signal originated

by the sample, that in the dipole approximation decreases as 1/r3. As already

pointed out, the Hall voltage is proportional to the average field in the whole

active area, hence smaller sensors optimize flux trapping and can be used to

measure small magnetic objects.

To exemplify this concept, let consider a field sensitivity of δB ≈ 10−8 T/
√

Hz

in a probe with size w ≈ 1 µm: this means a flux sensitivity δΦ ≈ 10−5Φ0

(Φ0 = h/2e = 2.07 × 10−15 Tm2) and a moment sensitivity 4 δm ≈ 103 µB [20].

A better field resolution (δB ≈ 10−9 T/
√

Hz) but in a probe with w ≈ 10 µm

would result in a flux sensitivity δΦ ≈ 10−4Φ0 and finally in a much worse moment

sensitivity δm ≈ 106 µB.

It has been predicted [20] and recently also calculated [47] that the ultimate

limit for the moment sensitivity of an Hall sensor can be even a single electron.

However, up to date, the smallest magnetic signal detected still ≈ 105 µB [27],

while a (103 µB sensitivity has only been calculated with currently state-of-art

systems [20]. Major difficulties arise from the need to reduce the sensor width to

the nanometer scale: indeed to match the flux created by a single spin of moment

m = 1 µB the sizes of the probe should be shrinked down to ≈ 10 nm, maintain-

4with moment sensitivity is intended the smallest magnetic moment that can be detected

by the sensor
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Hall micro-probe magnetometry

ing the same field sensitivity. Miniaturization of Hall devices to less than 100 nm

would be also of great importance for scanning microscopy to obtain high spa-

tial resolution, comparable to MFM technique. GaAs/AlGaAs heterostructures

are limited by charge depletion, that drastically deteriorate their performances

whenever the size is reduced. Even if 2DEG probes with effective active area

of ≈ 0.25 × 0.25 µm2 and noise level of 10−7 T/
√

Hz below 77 K have been

reported [31], controlling charge depletion that occurs at the side walls in this

materials is still a difficult task, especially at room temperature.

To overcome the limitations of the GaAs/AlGaAs heterostructures many re-

search efforts are being spent to investigate different materials and/or procedures

for fabrication. The final goal is to combine spatial resolution in the nanometer

range and high magnetic sensitivity, even at room temperature [17, 48–51].

Semimetal Bi films are usually considered a suitable alternative for 2DEG

probes, due to their low carrier concentration and consequent large Hall coefficient

[17, 46, 50, 51]. The smallest active area obtained so far with Bi films is ≈ 50 ×
50 nm2, with magnetic sensitivity of 0.8 G, which corresponds to a flux resolution

of 10−5Φ0 [52]. Bismuth is however very sensitive to ambient atmosphere and

this makes these probes very fragile. In addition, the electrical behavior of the Bi

probe is found to be largely affected by growing conditions [17,50]. Metallic films

can in principle be manufactured down to tens of nanometer [17]; the best results

reported so far are Au probes with ≈500 nm and ≈ Φ0 in term of lateral and

magnetic flux resolution, respectively. Recently, Hall probes made of magnetic

metals (Co) and fabricated by e-beam induced deposition, have been tested [53];

their large field sensitivity (10−5 T/
√

Hz) arises from the extraordinary Hall effect.

Finally, also thin film of semiconductor materials can be a suitable alternative.

The use of ≤100 nm thick films can overcome the problem of charge depletion,

whereas high current I can partially compensate the loss of the Hall sensitivity

VH/B = RHI/d due to the film thickness d. Using thick films can in addition

allow the detection of different field components [54]. It has been demonstrated

that high quality InSb (that has a very high room temperature mobility) at 300 K

has noise characteristics better than GaAs 2DEGs [39,51,55]. Best results include

11



1. Introduction

micro probes with lateral size of 0.9 µm and Bmin = 6 mG/
√

Hz [56]. Researches

on novel types of materials with very high room temperature mobility are still in

progress [48,49]. In Chapter 3 I will report on the fabrication and characterization

of probes with lateral size as small as 100 nm, made by focused ion beam milling

of thin films of gold and of epitaxial gallium-arsenide.

Finally, mesoscopic Hall magnetometers with sizes ranging from few microns

up to tens of microns can also be employed for study small magnetic crystals

with dimensions of ≈ 10 → 100 µm3. In the work described in this thesis,

I used this technique to study properties of micro crystal made of molecular

magnets [57–63].

12



Chapter 2

Experimental Techniques

In this chapter I will describe the experimental methods used during my thesis

work. Firstly, I will briefly introduce the Quantum Design Physical Properties

Measurements System and then describe how I implemented Hall micro-probe

magnetometry using this apparatus. Finally I will describe the other techniques

I employed to characterize the samples presented in this work: magnetometry

(Section 2.3.1) and heat capacity (Section 2.3.2).

2.1 Quantum Design PPMS

Most of the measurements described in this thesis work have been performed us-

ing the Quantum Design Physical Properties Measurements System (QD-PPMS)

present in the Low Temperature laboratory in Modena. This is a commercial sys-

tem that allows to take automated measurements in a variable temperature range

(1.9 − 400 K) and in magnetic field [64]. It consists of a liquid Helium cryostat

and a programmable controller for data acquisition. Our cryostat is equipped

with a 7 Tesla superconducting magnet.

Helium-3 system To achieve temperatures below 1.9 K we employed the

Quantum Design Helium-3 system. This is a close cycle system, where a turbo

pump is used to pump on 3He condensed in a reservoir placed in the base of the

13



2. Experimental Techniques

Figure 2.1: Quantum Design PPMS: dewar and controller (a) and schematic view of the probe

(b). To control temperature, a vacuum pump drows helium into the annular region where heater

warms the gas to the correct temperature. Magnetic field is applied in the vertical direction.

probe, thus reducing the temperature. For temperatures below 0.5 K a one-shot

mode is activated, and all the circulating gas is condensed, closing the valve in

the return line that during normal operations allows 3He gas to flow continuously

in the reservoir. In this way, the base temperature (≈ 0.3 K) is maintained for

more than one hour.

2.2 Hall micro-probes

During my thesis work, I implemented the utilization of Hall micro-probes in

the commercial PPMS apparatus. Combining them with the QD Resistance op-

tion P-400 results in a very sensitive magnetometer, capable to measure small

(≈ 10− 100 µm in size) magnetic crystals and maintaining all the characteristics

of the PPMS (temperature and filed range and stability, automation of mea-

surements etc. . . ). In addition, Hall probes can be mounted in the 3He insert,

allowing access to temperatures down to ≈ 0.3 K. This constitutes an impor-

tant improvement for the whole set up, since the standard magnetometry system

14



Hall micro-probes

Figure 2.2: Quantum Design 3He system: contact fingers assure thermal anchoring at the base

temperature of 1.9 K. 3He gas flows down the return line and condenses in the reservoir (where

the turbo pump acts), that is thermally linked to the sample region. Temperature control is

obtained by the combination of varying the speed of the pump and a sample stage heater.

15



2. Experimental Techniques

(ACMS, see Section 2.3.1) is used with the liquid helium cryostat and hence is

limited to ≈ 2 K.

The material chosen to fabricate the Hall devices is a GaAs/AlGaAs het-

erostructure with a two dimensional electron gas (2DEG) below the surface.

This material has been widely employed for low temperature Hall magnetom-

etry [19,20,57], for its extremely high SNR, originated by the desirable combina-

tion of small density n and high mobility µ of charge carriers. Until the lateral

size of the probe is still in the micron range (in certain cases even hundreds of

nm) magnetic signal of the order of 10−6 T can be easily detected, as reported

in [17].

2.2.1 Fabrication and Characterization

The devices I use for magnetometry are fabricated by the group of Prof. L. Sorba

at TASC laboratory, in Trieste. 2DEG heterostructures are grown by Dr. G.

Biasiol using molecular beam epitaxy (MBE), while Dr. G. Mori, D. Ercolani

and M. Tomaž make the lithographic processes.

Figure 2.3 shows the profile of the wafers. At the interface between GaAs

and AlGaAs charge carriers are confined in a sheet of narrow thickness, showing

two-dimensional properties. Above this 2DEG there is an undoped Al0.3Ga0.7As

spacer layer, followed by silicon-doped Al0.3Ga0.7As, that acts as electron donor

for the electron gas. The spacer is needed to reduce impurity scattering and

hence greatly improve the mobility. At top a GaAs cap is grown to prevent Al

oxidation.

Photo-lithography and wet etching are then used to define Hall bar shape in

the heterostructures and a second step of lithography is employed to put ohmic

contacts to allow electrical connections to the 2DEG. Contact pads are made by

evaporation of Ni-Ge-Au followed by thermal annealing at high temperature in

a controlled atmosphere. During annealing Ge atoms diffuse deep in the wafer

creating an ohmic electrical path to the electron gas. Figure 2.4 shows a scanning

electron microscope (SEM) image of our probes.
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Figure 2.3: 2DEG structure of the wafers grown by MBE in the TASC laboratory, in Trieste.

Starting from a commercial semi-insulating GaAs substrate, also a thick film of several microns

is epitaxially grown to achieve good structure quality.

I+

I+I+

200 m

I+I-

V+

V-

Figure 2.4: SEM image of standard Hall probes used for magnetometry. Active area sizes are

60×20 µm2, the distance between the two crosses being 240 µm. Pads area is ≈ 200×200 µm2.

Electrical connections are also indicated.

The Hall response of the empty probes has been measured to characterize

them. Typical results are shown in Figures 2.6 and 2.5, while in Table 2.1 they

are summarized together with some physical properties of the electron gas. As

can be seen, these GaAs/AlGaAs probes have constant Hall effect below ≈ 100 K

and at low temperature the measured field resolution is 10−2 G.
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Figure 2.5: Typical Hall effect of our empty devices. Inset: measured Hall signal as a function

of time. The peak to peak value of this trace can be considered as the noise level of the probe.

With RH= 0.3 Ω/G it results Bmin = 10−2 G. The current employed for biasing the probe was

10 µA (see Section 2.2.2)
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Figure 2.6: Typical Hall signal as a function of temperature for our devices. External applied

field is perpendicular to the 2DEG plane . At low T RH is independent of temperature. However,

small deviations can occur and may become considerable when measuring tiny magnetic signals.
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Table 2.1: Physical properties and results from the electrical characterization of the used Hall

probes

Properties Value

2DEG depth 100− 200 nm

Carriers density n 1− 3× 1011 cm−2

Carriers mobility µ 105 − 106 cm2/Vs

RH 0.2− 0.4 Ω/G

measured Bmin 10−2 G
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2.2.2 Utilization

There are several aspects that have to be taken into account when using a micro

Hall probe with the PPM-system. Here I review them, including some strategies

I performed to optimize this technique.

PPMS Resistance option

Hall measurements can be simply made employing standard Resistivity P-400

option for PPMS. It consists in a four-wire resistance bridge, with up to three

independent channels that can be used simultaneously. In a four-wire resistance

measurement, current is passed though two current leads, while two separate

voltage leads measure the potential difference.

The excitation current value can be set within the range ±10 nA−5 mA, then

the bridge reads the voltage drop and calculate the resistance. Bridge sensitivity

is determined by the 20-bit analog/digital (A/D) converter, that already contains

filter to automatically reject 50-Hz and 60-Hz line noise. Under typical conditions,

noise level is around 20 nV, that means ≈ 20 µΩ with an applied current of 1 mA

and ≈ 2 mΩ with I = 1 µA.

In the ac-mode the PPMS resistivity bridge generates a square wave signal

with frequency f = 8 Hz. The calculated resistance is given by the average of

the absolute values of the opposite voltage readings. In this way dc offsets can

be eliminated.

Typical measurement times are around few seconds per point. When measur-

ing as a function of some parameters (e.g. magnetic field or temperature) the

system is stabilized in the desired conditions before starting the readings. Mea-

surements made while continuously sweeping the field or rapidly changing the

temperature are usually less accurate.

Sample mounting

Accurately positioning the sample in respect to the sensor is crucial to achieve

good signal coupling and hence perform sensitive measurements. As can be seen
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in Figure 2.7(a), the stray field originated by the sample’s magnetization is max-

imum near the edge, and decrease rapidly with the distance (∝ 1/r3 in the point

dipole approximation). Thus the sample must be placed as close as possible to

the probe’s active area. A typical configuration is seen in Figure 2.7(b). Standard

cryogenic grease (apiezon N) can be employed to glue the sample on the probe.

Then the sample is moved to the desired position, for example using a thin and

soft wire that works like a micro-tip. Particular care has to be taken to avoid

damages to the 2DEG, since it is quite near the surface: a simple scratch may be

enough to irreversibly deteriorate the probe behavior.

Usually, a chip of sizes ≈ 2×2 mm2 contains a small number (2−4) of almost

identical Hall probes. The whole chip is glued to the PPMS resistance sample

holder with silver paint, that assures good thermal contact. Shortcuts between

different probes do not occur, since the substrate is made by several hundreds of

microns of insulating GaAs.

A Kulicke and Soffa Model 4123 Wedge Bonder [65] is used to connect contact

pads of the 2DEG probe to the ones in the sample holder. Since the resistance

bridge performs four-wire measurements, four wires are connected to each probe,

two for the current and two for the voltage, as evidenced in Figures 2.4 and 2.7.

Figure 2.7: Typical sample mounting on a Hall probe. (a) Sample is magnetized by the external

field and its stray field, proportional to the magnetization, is measured by the Hall sensor. (b)

Picture of a Hall probe with a magnetic crystal on it. One edge of the crystal is aligned with

the active area of the probe.
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Finally the sample holder is plug to the insert and placed in the PPMS cryostat

to perform measurements. Hall probes can be used in the PPMS liquid helium

cryostat, employing standard Resistivity sample holder, the Horizontal Rotator

probe or even a custom Multifunction Probe (model P-450), and in the 3He

system.

Although the geometry showed in Figure 2.7 is not the only possible one, it

is preferable to have the external field in the same plane of the sensor. In this

way the background signal is minimized (a small perpendicular component of

the external field is always present due to not perfect alignment); in addition,

this configuration avoid the occurrence of quantum effects at low temperature

(T < 10 K) since the effective field sensed by the Hall probe is relatively small.

When using the Helium-3 insert this geometry is imposed by the sample holder,

otherwise the PPMS Horizontal Rotator option [64] can be used to align the

sample holder with the magnetic field.

The Hall voltage is proportional to the magnetic flux density perpendicular to

the probe’s active area. Thus the measured signal is the sum of the stray field

proportional to the sample’s magnetization and the z-component of the external

field. To subtract this background contribution, also an empty reference probe

can be connected and signals of both sensors are measured simultaneously 1.

Since they belong to the same chip the two probes have very similar parameters

and after subtraction only the signal from the sample is essentially left. Actually

a small linear contribute may be still present, due to inhomogeneity of the charge

density in the whole wafer. This is however a small error, typically of the order

of 10−5 Ω/G.

Realization of a new insert for Hall probe magnetometry

Part of my thesis work was also devoted to develop a new insert dedicated to

Hall probe magnetometry, to perform magnetization measurements in presence

of electro-magnetic excitations (i.e. micro-waves and visible light). This allows to

1as already mentioned in Section 2.2.2 the resistivity option allows multiple channel mea-

surements
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study dynamic and switching properties of magnetic materials [58,61,66,67,114].

The whole insert is visualized in Figure 2.8. It is made by a commercial part

(Quantum Design Multifunction Probe model P-450 for PPMS) and a sample

region made in bakelite. Electrical connections are assured by twisted cryogenic

wires (Lake Shore WQT-36-25), one side of which is soldered to connectors on

the probe head, while the other extremity is glued to gold pads over the bakelite

using epoxide silver paint (Epotek H20E). In this way Sn solderings, that at low

temperature become superconducting and may originate magnetic flux detectable

by the Hall probe, are avoided in the sample region. The Hall probe is hosted

in a removable part, to perform wire bonding and sample mounting operations.

A coaxial cable and an optical fiber directly bring E-M excitations to sample

position from an external source.

The probe is biased with an ac-signal coming from a voltage source with a

high resistance in series, to assure good stability. Frequency of the signal is

around 1 KHz and the amplitude is set to obtain I0 ∼ 10 µA. On the insert

head, a in-house built pre-amplifier is placed to amplify the Hall signal (gain is

set equal to 100) and performing subtraction between the two voltage leads. The

system is built to measure up to four channels simultaneously. Two channels

are connected as shown in Figure 2.9; in this way, by subtraction of the two

signals, contribution coming from the sample is enhanced, while background is

minimized. Data acquisition is made by a phase-locked system (EG&G 5210

Lock In Amplifier), triggered with the voltage source, that also performs the final

subtraction.
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Figure 2.8: View of the Hall magnetometry dedicated insert. (a): the whole insert. (b) and

(c): zoom of the sample area. Micro-wave antenna is also visible.
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Figure 2.9: Schematic view of the electrical connections and geometry of the custom made

insert. Pre-Amplifiers gain is set to 100. Up to four channels can be measured simultaneously.

In optimal geometry, the sample fits exactly the distance between the two crosses: in this way

after the subtraction performed by the lock-in, Vout is proportional to 2× sample signal.
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Biasing and Cooling

As already mentioned in Section 1.2.2 determining the optimal value for I0 is

crucial, since the Hall signal linearly depends on the current, but above a certain

limit the probe behavior starts to deteriorate. Typically, the optimal value for

biasing our probe was around 10 µA for 3He temperatures, while it can be slightly

higher (around 20 µA) for liquid helium temperatures up to ≈ 100 K. Currents of

the order of tens of µA are expected for probes with sizes well above the micron

scale.

Electron gas is a very sensitive element, and particular precaution have to

be taken to optimize the performances of Hall measurements. Thermal shocks

can seriously damage the probe; to avoid this problem, Hall devices have to be

cooled and warmed very slowly, i.e. at a rate not higher than 2 − 3 K/min and

with a low value of the bias current (i.e. I0 < 1 µA). Exposing the sensor to

visible/infrared light at low temperature can help to recover best performances,

by releasing carriers trapped in defects and impurities. However, very unlikely a

Hall probe can maintain its behavior after few thermal cycles (4-5) and/or sample

mountings (2-3).

Also drifts of the Hall signal are very often detected, likely originated by change

of 2DEG’s properties, like n or µ and consequently changes of the impedance and

Hall coefficient RH of the devices. To minimize these effects it is sufficient to

let the system relax toward equilibrium for an appropriate time whenever some

parameter that can affect the electron gas (e.g. temperature or driving current)

are changed.

2.2.3 Test Measurements

The reliability of our Hall magnetometry technique has been tested measuring

well known samples, to prove the sensitivity of the apparatus. Test measurements

have been also performed exciting the samples with microwaves and visible light.

Results are described in the following paragraphs.
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Figure 2.10: Hall probe magnetometry on a Mn12-ac micro-crystal

Mn12 micro-crystal

Mn12 molecular magnet is a very well known system [2,7–9], hence we tested our

probes measuring small micro-crystals of Mn12-acetate made by the group of Prof.

A. Caneschi, Firenze. A 100 µm-sized single crystal was glued on the top of a

probe, orienting its long side (that corresponded to the easy axis of magnetization

of the Mn12-ac molecule) along the direction of the magnetic field and aligning

its short side to the edge of the active area. Magnetization measurements at

different temperatures are shown in Figure 2.10. As it can be seen, the signal is

very clean and the steps due to quantum tunnelling of magnetization are clearly

observable, demonstrating the sensitivity and operativity of our set-up.

Mn12 thick film

Another challenging experiment was to measure magnetic signal from a film of

Mn12. Even if the deposition and study of molecular magnets on surfaces is

of great importance for many applications and it is presently a field of intense

researches [68–71], the detection of magnetic signals of molecular films is still a

difficult task. At present time, with our Hall probe magnetometry we had enough

sensitivity to detect the signal of a single drop of Mn12 solution (Mn12-benzolate,
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Figure 2.11: Magnetization measurements of a single drop of Bz-Mn12 solution casted on the

top of the sensor. The result was a thick (≈ few µm) film.

prepared by the group of Prof. A. Cornia, Modena) deposited directly over the

sensor. This produces a thick Mn12 film that probably contained small crystal-

lites, whose magnetic signal at different temperatures is shown in Figure 2.11.

Test with microwaves

Microwaves signal is powered by Anritsu generator MG3692B, a source that can

provide signal from DC to 20 GHz with a power up to 20 dBm (i.e. 100 mW).

A coaxial cable (LakeShore CC-SR-10) brings the signal directly to the sample

position, and terminates with a small copper loop, acting as antenna. This cable

is very thin (0.5 mm is the diameter of the shield) and made of stainless steel

(both the inner and outer conductors). This makes it ideal for low-temperature

applications, however electrical losses are considerable, especially at frequency

above few GHz. Results obtained exciting a crystal of Mn12-ac with different

frequencies (Figure 2.12) are similar to those already present in literature [72].

For higher frequencies that those showed in Figure 2.12 we could not detect

any change in the measured signal. We ascribed it to losses in the electrical line,

that has a cut-off at f > 2 GHz. We are now implementing a slightly thicker

coaxial cable made of both copper and stainless steel to minimize electrical losses.
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Figure 2.12: Magnetization measurements in the presence of microwave irradiation on the

Mn12-ac sample. Power at the source was 10 dBm. Effects of microwaves absorption on the

magnetization tunnelling are clearly visible.

Test with visible light

Our light source is a 250W Quartz Tungsten Halogen (QTH) lamp (LoT Oriel In-

strument); after which a monochromator is used to select the desired wavelength

(λ = 200−900 nm); finally an optical fiber (multimode fiber, diameter = 0.4 µm)

carries the electromagnetic signal into the probe down to the sample stage. The

power with which the sample is illuminated has been measured to be ≈ 20 µW.

Preliminary measurements have been performed on a crystal of MoCu6 molec-

ular complex [73], provided by the group of Dr. V. Marvaud (Paris). Data shown

in Figure 2.13 have been taken before and after irradiation for 1 hour at 10 K with

blue light (510 nm). The effect of light is tiny, but a photomagnetic behavior is

clearly observable. The use of laser as light sources (planned for the next future)

will certainly improve the efficiency of this set-up.
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Figure 2.13: Photomagnetic effect on MoCu6 molecular complex as measured with our Hall

magnetometry set-up. Illumination was for 1 h at 510 nm. Effective incident light power was

≈ 20 µW.

2.3 Other Measurements Techniques

To characterize the samples studied in this work, I employed also other experi-

mental techniques, mainly commercial PPMS options, that I will briefly describe

in the following 2.

2.3.1 PPMS AC/DC Magnetometry System (ACMS) op-

tion

ACMS option allows to perform AC susceptibility as well as DC magnetization

measurements.

ACMS set consists in concentric coils integral with the primary DC super-

conducting magnet. The primary coil provides an alternating excitation field by

means of an ac current, while two secondary coils detect the change in magnetic

flux due to the sample that is positioned in one of them. They are arranged in

a first order gradiometer configuration (i.e. they are wound in counter sense) to

reject background signals. A compensation coil is also wound around the driving

2for a more detailed description, we again refer to [64]
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coil to reduce environmental noise, avoiding interaction with any material outside

the measurement region (chamber walls, magnet core etc. . . ). Quantum Design

ACMS set also employs special calibration coils to precisely remove phase shifts

coming from the detection apparatus and effectively separate sample signal from

instrumentation effects.

DC measurements are made by means of the extraction technique. The sample

is moved by the ACMS servo motor through the detection coils, inducing a voltage

signal proportional to the magnetic moment.

Units Data measured by the PPMS acquisition program are given in units of

emu, whereas the susceptibility χ and the magnetization M are usually expressed

as emu/mol and µB/f.u. respectively. The necessary transformations are:

χ(emu/mol) = Data(emu)× Molar Mass(g/mol)

sample mass(g) · excitation field(G)
(2.1)

M(DC)(µB/f.u.) = Data(emu)× Molar Mass(g/mol)

sample mass(g) · µB · NA

(2.2)

where in c.g.s. units µB and NA are defined as 9.274× 10−21 ergG−1 and 6.022×
1023 mol−1, respectively. The unit (ergG−1) is equal to (emu).
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Figure 2.14: Quantum Design ACMS option.

2.3.2 PPMS Heat Capacity option

Measurement of heat capacity consists in measuring the temperature response of

a sample to an applied thermal pulse. Quantum Design calorimeter is made by

a small platform suspended by thin wires, where the sample is glued by Apiezon

N cryogenic grease. The wires serve as electrical leads for the heater and the

thermometer placed on the platform but also as a heat link between the sample

and the thermal bath (a simple scheme is depicted in Figure 2.15).

Heat capacity is measured by means of the relaxation technique. After stabi-

lizing the temperatures of the sample platform and puck, a small heat pulse is

released to the sample for a given time t and then the temperature of the sample

platform is monitored while it relaxes to the equilibrium with the thermal bath.

If a power P is given and being K the thermal link to the heat bath, the heat

capacity C is determined as

C =
τ

K
(2.3)
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where τ is the time constant of the relaxation of the temperature:

∆T (t) = P ·R exp (−t/τ) (2.4)

The above relation implies perfect thermal contact between sample and the

calorimeter, however in most cases it is preferable to use the so called two-tau

model that takes into account also the thermal relaxation coupling between the

calorimeter and the sample itself. In this model two time constants are used to

fit the relaxation of the temperature: τ1 represents the thermal contact between

the platform and the heat bath, while τ2 the relaxation between the platform

and the sample. Not surprisingly, the maximum fit quality, and hence the best

measurement precision, is obtained in the quasi-exponential limit, i.e. τ1 À τ2.

Indeed, a coupling factor is defined by the PPMS acquisition program as

c =
τ1 − τ2

τ1

(2.5)

and good measurement are considered those with c & 90%.

Units Data acquired by the PPMS calorimeter are given in units of (µJ/K).

To obtain the molar heat capacity and then normalize the data to the molar gas

constant R this simple equation must be used:

C/R = Data(µJ/K)× Molar Mass(g/mol)

sample mass(g)
× 1

R(J/mol K)
(2.6)

where R = 8.315 J/mol K.
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Figure 2.15: Scheme of the PPMS calorimeter. The sample is mounted on the suspended base,

where both the heater and the thermometer are present. All the measurements are performed

in vacuum and the base platform is connected to the thermal bath only through the four wires
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Chapter 3

Hall nano probes fabricated by

Focused Ion Beam

I have fabricated and charactetizated Hall nano probes made of Gold or Si-doped

GaAs films and fabricated by Focused Ion Beam (FIB) milling. These Hall probes

have lateral sizes of ≈ 100− 200 nm and hence are among the smallest reported

in the literature up to date for these materials. The use of FIB milling technique

is attracting increasing interest for fabrication of nano devices, since it allows

quick and direct probe patterning by sub-micron resolution sputtering removal,

avoiding the multiple-steps processing of conventional lithography. In addition,

the possibility to design the active area at wish is a great advantage for nano

scale applications where coupling between sample and sensor is crucial. I tested

the Hall probes down to 4 K and discuss their performances in terms of spatial

and magnetic flux resolution.

3.1 Procedures for fabrication

Thin films of gold with thickness d =100 nm were obtained by thermal evapora-

tion at a rate of ∼1.6Ås−1 in vacuum (∼10−6 torrs) on thermal oxidized silicon

substrates. Gold was deposited at room temperature and post-annealing was

found to be detrimental increasing the film resistivity. Silicon-doped gallium ar-
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senide films were epitaxially grown by molecular beam epitaxy under ultra-high

vacuum conditions on undoped GaAs(001) and the doping level was checked by

Van der Pauw measurements at 1.4 K. The film thickness ranged from 1µm to

100 nm, the latter was used for the probes milled down to the smallest sizes.

Standard optical lithography was successively used to obtain probes with Hall

geometry and 30-60 µm size, which were finally reduced below the micron-range

by sputtering erosion using a focused ion beam system (FEI Strata DB235M FIB-

Dual Beam)(seen in Figure 3.1). This system combines a FIB with a Scanning

Electron Microscope (SEM) working at coincidence on the sample. This allows

to monitor ion beam processing with simultaneous SEM imaging. FIB column

is equipped with a Ga+ source and has a minimum spot size of 7 nm at 30 keV,

SEM column features a thermal field emission source and it has a 2 nm resolution

over a wide energy range. Since the ion beam spotsize depends on the applied

current, and this is directly related to the processing time, FIB patterning of

the Hall probes was divided in two steps: a first coarse patterning at currents

as high as 0.5 nA to reduce the width of the arms to few microns, followed by a

fine patterning to reach the final sub-micron dimensions, using low current values

(not higher than 30 pA). This two-steps procedure was essential to optimize the

lateral resolution and produce uniform and symmetric active areas in order to

avoid unwanted effects, like offsets in the transverse (Hall) signal. Figure 3.2

shows a SEM image of typical Au probe milled down to 100 nm of lateral size.

Few unpatterned probes were cut by FIB and the resistance of such gaps were

preliminary measured in order to test the effects of gallium implantation. The

resistance values were found to be of the same order of the substrates (GΩ for

oxidized silicon under gold probes and MΩ for undoped GaAs), while the series

resistances of the studied devices are up to tens of KΩ (for the smallest semi-

conducting probes). This made us confident that our sensors are not affected

by undesired parallel conducting paths, which may have been generated by im-

planted Ga+ ions.

Since As is easier to remove than Ga and the FIB machine works with Ga+

ions, we found that the milling procedure causes an excess of gallium in the
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Figure 3.1: a) FEI Strata DB235M FIB-Dual Beam used in this work. b) Schematic view of

the ion sputtering process.

machined GaAs samples, that is visible as droplets in the milled areas (see Fig-

ure 3.3a). This problem was overcome by introducing iodine gas (I2) in the

proximity of the sample through a micron sized needle during the milling pro-

cedure. As known, halogen gases form volatile compounds with Ga, increasing

the milling rate and improving the cleanness of the structures by preventing re-

deposition and Ga droplets formation [74]. Figure 3.3b shows indeed that no

Ga-droplets are present in the sample. Finally, because the milling rate increased

by one order of magnitude, we could use the lowest current value (1 pA) without

rising the working time.
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Figure 3.2: SEM image (tilted view) of a FIB milled Au Hall Probe (Probe Au#D, see table 3.1).

Patterned active area is ∼ 100× 100 nm2. Film thickness is d =100 nm.

Figure 3.3: SEM image of FIB milled Si-doped GaAs Hall Probes without (a) (probe

HM1329#A; see table 3.1) and with(b) the presence of I2 gas in the working chamber dur-

ing milling procedure. The width and thickness of the probe were w ≈100(a)-200(b) nm and

d =100 nm, respectively. Note that image b) is a tilted view.
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3.2 Electrical Measurements and Results

The Hall devices were electrically characterized in order to establish the min-

imum magnetic field (and flux) detectable by each type of probe. Electrical

measurements were performed in our PPM System using either the internal P400

resistivity option or an external lock-in amplifier (see Section 2.2.2). It must be

noticed that, due to the small size of the devices, ESD (electrostatic discharge)

precautions must be taken during the bonding and measurement procedures to

prevent electrical or mechanical damages.

The probes were excited with ac-current with intensity accurately selected to

maximize the signal to noise ratio (SNR) and frequency spanning from 8Hz to

1KHz. The performances of each sensor were measured over a wide range of

currents and optimal values were found to be up to 2 mA for gold probes and

20 µA for doped GaAs. Above these limits, non-linear and heating effects were

indeed observed. The following figures summarize typical results obtained with

our GaAs and Au probes. The Hall response to a perpendicular magnetic field

and the corresponding noise (expressed as the Hall voltage as a function of time

and calculated in term of magnetic field B) are shown as well. The level of noise

(maximum peak to peak value), determined by our whole set-up, determines the

minimum detectable field Bmin.

3.2.1 Epitaxial GaAs Probes

The best signal to noise ratio at room temperature was found in Hall probes

made of epitaxial GaAs. For this material, samples with different layer thickness

and Si doping levels were grown and characterized. Results are summarized in

Table 3.1. Since the ion beam has a Gaussian profile, the FIB milling procedure

produces defects in the worked samples even in those regions at the border of

the pattern area which are not directly milled, but fall within a half beam tail.

This induces defects and depletion regions with a consequent reduction of the

effective number of carriers n. An increase of the Hall coefficient RH after milling

is actually observed. This is also accompanied by an increase of the series resis-
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Figure 3.4: Hall response of a Si-doped GaAs micro probe before FIB milling (HM654). The

thickness of the doped layer was d = 500 nm. The inset shows noise (calculated in terms of

magnetic field B) in the measured signal vs time.

tances and the measured noise level, that results in a lower SNR, as it is seen in

Figures 3.4 and 3.5, where the same probe is shown before and after FIB pattern-

ing. It turns out that the smallest lateral size of a device that preserves optimal

working conditions depends on the milling procedure and the initial charge con-

centration. For this reason I focused my study on highly doped GaAs films, and

used low ion current values, to reduce as possible ion implantation and defects.

Regarding the different milling procedures, we found that the I2 assisted approach

does not seem to influence the final electrical behavior of the worked probes.

With a starting doping level of n = 1018 cm−3, the probes can be milled down

to ∼ 500 nm lateral size and they successfully operate between 4 and 300 K,

showing slight changes in the Hall coefficient and noise level (see table 3.1). Using

films with n = 3.5 × 1018 cm−3, probes with lateral size as small as ∼ 100 nm

and field resolution of about 3 G could be obtained, as shown is Figure 3.6.

The resulting flux sensitivity is very high: < 10−2Φ0. Probably due to charge

depletion, the latter probes can work at room temperature but not below 100 K.
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Figure 3.5: Hall response of a Si-doped GaAs nano-probe(HM654#B, see Table 3.1). The

thickness of the doped layer was w ≈ 500 nm and d = 500 nm.
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Figure 3.6: Hall response of a Si-doped GaAs nano probe (HM1329#A, see Table 3.1). The

width and thickness of the probe were w ≈100 nm and d =100 nm, respectively. The inset

shows noise (calculated in terms of magnetic field B) in the measured signal vs time. The

corresponding flux sensitivity (minimum detectable field×active area) is < 10−2Φ0.
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Figure 3.7: Hall response of a gold micro probe before FIB milling (HM654). The thickness of

the film was d = 100 nm. The inset shows noise (calculated in terms of magnetic field B) in

the measured signal vs time.

3.2.2 Au Probes

Au probes show a constant and reliable behavior from room temperature down

to liquid helium, as shown in Table 3.1. The Hall coefficient RH is ∼ 10−7 Ω/G,

as expected for a 100 nm thick gold film ( RH = 1/ned, with density of carrier

n=1023cm−3, electron charge e=1.6×10−19C and film thickness d). The minimum

detectable field is ∼ 30 mT at room temperature and it decreases to about 10 mT

at 4 K. This field resolution is much worse than for semiconducting probes and it

arises from the very small Hall coefficient of gold. To achieve good field sensitiv-

ity (∼1 G), very high current would be needed, but this can heat or damage the

probe or create relative high stray field. In our case, the maximum value we used

was I0 < 2 mA. On the other hand it is important to note that no size-dependent

effects were observed for gold probes, as exemplified in Figures 3.7 and 3.8, where

the same probe before and after size reduction with FIB is shown. Even a probe

with size ∼ 100 nm maintains the same Hall coefficient and field sensitivity (Ta-

ble 3.1).

Recently, I obtained a nano probe with lateral size of ∼ 70 nm, using a different

geometry for further reducing ion implantation and defects. It can be seen in
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Figure 3.8: Hall response of a gold nano-probe(Au#C, see Table 3.1). Film thickness was

d = 100 nm. Lateral size w ≈ 200 nm.

Figure 3.9, whereas Figure 3.10 shows its electrical characterization. Again, the

same behavior is nicely maintained. This makes metal films an interesting choice

for the fabrication of Hall nano magnetometers because of the possibility to reach

very small sizes, of the order of few tens of nm. A smaller active area will of

course largely improve the ultimate flux resolution. In our case, a detectable

field of 100 G in an area of 70x70 nm2 implies a flux resolution of < 10−1Φ0.

This sensitivity results from the very small sizes we are able to achieve with our

FIB milling technique, and it is at least one order of magnitude better than that

reported in reference [17].
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Table 3.1: Morphologic and electrical characteristics of the milled probes. n is the density of car-

riers measured before FIB milling, RH is the Hall coefficient measured after the milling. Active

Area size is the final size at which the probe was reduced by FIB milling. Bmin=Vnoise/RHI0,

where Vnoise is the voltage noise measured on the milled devices with the P400 resistance bridge

of the QD PPMS and I0 the maximum used current. Φmin(=Bmin×Active Area size) is the

magnetic flux resolution. The room temperature electron mobility for the semiconducting films

was 5679 cm2/Vs, 2492 cm2/Vs and 1864 cm2/Vs for HM523, HM654 and HM1329 respectively.

Notice that probe HM1329#B shows an higher noise level than probe HM1329#A, although

the size is not as small: this is probably due to a different working procedure at FIB for the

former that has probably caused more damages: the measured Hall coefficient after milling is

indeed much higher.
294 K 4 K

Active area RH Bmin Φmin RH Bmin Φmin

Probe code n (cm−3) size (nm×nm2) (Ω/G) (mT) (Φ0) (Ω/G) (mT) (Φ0)

Gold Probes

Au#A (1× 1023) 1000× 1000 10−7 30 15 10−7 10 5

Au#B (1× 1023) 500× 500 10−7 30 3.75 10−7 10 1.25

Au#C (1× 1023) 150× 150 10−7 30 0.3 10−7 10 0.1

Au#D (1× 1023) 100× 100 10−7 30 0.15 10−7 10 0.05

Au#E (1× 1023) 70× 70 10−7 30 0.07 10−7 10 0.02

Semiconducting Probes

HM523 6× 1016 1000× 1000 0.021 1 0.5 — — —

HM654#A 1× 1018 1000× 1000 0.0038 0.5 0.25 0.0038 0.3 0.15

HM654#B 1× 1018 500× 500 0.0048 1 0.12 0.0063 3 0.4

HM1329#A 3.5× 1018 100× 100 0.027 0.3 0.0015 — — —

HM1329#B 3.5× 1018 200× 200 0.16 3 0.06 — — —
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Figure 3.9: SEM image of the 70 nm FIB milled Au probe. Also electrical connection is

explained. In (b) a zoom of the active area is seen.
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Figure 3.10: Hall response of Au#E nano probe (Active Area≈ 70 × 70 nm2, see Table 3.1).

The film thickness is d =100 nm. The inset shows noise (calculated in terms of magnetic field

B) in the measured signal vs time. The resulting flux sensitivity is < 10−1Φ0.
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3.3 Discussions

As already mentioned, the best SNR for an Hall sensor can be estimated as

S

N
=

I0RHB√
4kBTRS

(3.1)

where
√

4kBTRS is the Johnson noise. In the case of GaAs probes, given a mea-

sured series resistance of 60 KΩ, the Johnson noise expected at room temperature

is around 30 nV, whereas it is about 1 nV for gold. However, I always found ad-

ditional sources of noise that overcome these theoretical expectations. In the

following, I will briefly discuss them.

In the case of gold films, with a Hall coefficient RH = 10−7 Ω/G and a max-

imum current I0 = 2 mA, the detected noise was essentially determined by our

electronic set-up. Since the noise due to amplifiers is already few tens of nV, better

resolutions can be simply obtained employing low noise pre-amplifiers. A further

improvement can be obtained by changing the growth conditions/substrate of Au

films that may lead to an increase of the grain size to above 100 nm. This will

decrease the channel resistance allowing, at least, the use of higher current or

smaller thickness.

The case of doped GaAs probes is more complex. The measured values of the

intensity of the noise were 10 to ∼100 times higher than the estimated Johnson

value. The observed noise was not present before the milling procedure, it strongly

depended on the ultimate size of the milled device (see the 1018-doped film in

table 3.1) and it increased with increasing current. Moreover, we observed that it

was higher in probes for which the damage induced by FIB was more important

(i.e. probes for which the difference between the density of carriers n before and

after milling is higher). These features suggest that the source of this noise is

related to fluctuations of the total impedance of the device. These are likely

originated by the presence of the depletion region and of the defects produced

during milling that may affect both concentration [17] and mobility of carriers

and, eventually, the channel resistance. In this way, the current through the

channel is no longer stable, thus leading to fluctuations of the transverse voltages.
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A similar argument can be applied to the measured signal offsets. These

are of particular importance for nano sensors and should be minimized for any

technological application. Concerning the gold probes, the offset magnitudes were

closely related to the symmetry of the patterned active area, as expected. For the

smallest sensors (∼100 nm lateral sizes) the best values were close to ∼ 8×10−3 Ω,

which corresponds to a misalignment of ∼ 5 nm. This value is consistent with

the resolution in positioning the ion beam. Conversely, for the semiconducting

probes we found offset values higher than expected from simple misalignment of

the probe arms, especially for probes showing higher noise. This suggests that the

presence of defects plays the major role in determining also the offsets, causing

non uniform distribution of equipotential lines. For the probe showing the best

SNR (HM1329#A, see table 3.1) the measured offset was ∼ 102Ω, while for probe

HM1329#B (table 3.1) it was as high as ∼ 103Ω.

3.4 Conclusions

I fabricated nano Hall devices by FIB milling of metal and semiconducting films.

The best magnetic field sensitivity was achieved with semiconducting (Si-doped

GaAs) probes and sensors as small as 100 nm in lateral size were fabricated, with

∼1 G resolution. FIB induced damage is probably the main limitation to their

performances (SNR) and this problem needs to be overcome for size reduction

below 100nm. Employing different materials (such as room temperature high

mobility InSb) can further improve both field sensitivity and ultimate lateral

size.

Metal probes (Au) were found to be essentially insensitive to FIB patterning

and no particular shrinking effects were observed, so size reduction to tens of nm

seems feasible. In addition, they operate properly from room temperature down

to 4 K. Metallic Hall magnetometers could be used for applications for which the

spatial resolution is of particular importance.
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Chapter 4

High Spin Molecular Cluster

In this chapter, I will present part of the results we obtained working on two

families of ferric molecular clusters, namely Fe14 and Fe17. This project started in

2004, in collaboration with the chemist groups of Manchester and Edinburgh, with

the purpose to synthesize and characterize magnetic clusters with large spin S and

small anisotropy values. Systems with such properties are indeed very appealing

candidate for the magnetocaloric effect at low temperatures, as it was found for

the Cr7Cd molecular ring [75]. These clusters, showing a very high Spin S ground

state and hence a huge magnetic signal, revealed to be also an ideal research field

to exploit our Hall probe magnetometry technique. Employing micro probes to

measure small crystals of ≈ 100 µm in size, I successfully obtained magnetization,

susceptibility and relaxation measurements in the 3He-temperature region. These

low T magnetic data allow us to enlighten new interesting physical phenomena,

such as the huge magnetocaloric effect of the Fe14 molecule, and the competition

between dipolar ordering and single molecule behavior in the Fe17 cluster. I will

discuss the first in Section 4.1 and the latter in Section 4.2.
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4.1 Spin-enhanced magnetocaloric effect in Fe14

molecular nanomagnet

4.1.1 Introduction

The magnetocaloric effect (MCE) is intrinsic to any magnetic material and is

based on the change of the magnetic entropy upon application of a magnetic

field. Besides the fundamental interest on related thermodynamical properties

of novel materials, MCE is of great technological importance since it can be

used for cooling applications [76–78] according to a process known as adiabatic

demagnetization [79,80]. To this purpose, most attention was devoted to date to

lanthanide compounds and alloys that posses relatively large magnetic entropy

variations [76–78]. Concerning the low temperature-range, also nanomagnets

are considered good candidates for enhanced magnetocaloric effect (MCE) and

therefore are of interest for applications as magnetic refrigerants [81, 82]. This is

mostly because large magnetic moments S, resulting in large magnetic entropies,

are attainable in this class of materials. Large S, however, is often associated with

large particle magnetic anisotropy. The larger is the particle magnetic anisotropy,

the higher is the blocking temperature and the lower is the isothermal magnetic

entropy change [83]. Ideal materials would rather be nanomagnets with large S

and small anisotropy [75]. Opportunities are provided by molecule-based clusters,

which are collections of identical nanomagnets. Recently, quantum effects were

taken into account to explain the MCE of high-spin molecular clusters, such as

Mn12 and Fe8 [84], whereas chemical engineering was proposed to enhance MCE

in Cr-based molecular rings [75].

We found that the Fe14 molecular nanomagnet [85] has a huge MCE in the

liquid helium T region, which, to our knowledge, is much larger than that of any

other known material. This comes out from a combination of several features,

such as the spin ground-state that amounting to S = 25 is amongst the highest

ever reported, and the highly symmetric cluster core that results in small cluster

magnetic anisotropy. The latter enables the occurrence of long-range magnetic
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order (LRMO) below TN = 1.87 K, probably of antiferromagnetic nature. Also

low-lying excited S states additionally enhance the MCE of Fe14.

This Section is organized as follows. Firstly, I will introduce the magnetocaloric

effect and describe the magnetic structure of the Fe14 cluster core. Then, I will

present and discuss the magnetization and specific heat experiments, whose re-

sults are used in the last part to calculate the MCE parameters.

4.1.2 Magnetocaloric Effect

When a material is magnetized by application of a magnetic field H, the en-

tropy associated with the magnetic degree of freedom, Sm, is changed as the field

changes the magnetic order of the material. The MCE and the associated prin-

ciple of adiabatic demagnetization is readily understood looking at Figure 4.1.

The system, assumed to be a paramagnetic material, is initially in state A, at

temperature Ti and field Hi. When the magnetic field is isothermally changed to

Hf , the system goes to state B with an entropy change of ∆Sm. Thus, a slow

decrease of the field from Hf to Hi causes the system to adiabatically cool down

by ∆Tad = Ti − Tf to state C. Both ∆Sm and ∆Tad represent the characteristic

parameters of the MCE. It is easy to see that if the magnetic change ∆H re-

duces the entropy (∆Sm < 0), then ∆Tad is positive, whereas if ∆H is such that

∆Sm > 0, then ∆Tad < 0 (Figure 4.1).

Large magnetic moments are often attainable in superparamagnetic clusters,

resulting therefore in large entropies. Moreover, for certain ranges of field, tem-

perature and cluster size, it is easier in superparamagnets than in pure materials

to change the magnetic entropies by application of a field [81]. Obviously, this

leads to an interest in superparamagnets in terms of MCE. The picture depicted

in Figure 4.1 is still valid for a superparamagnet with S as net cluster moment,

provided that it is at temperatures above the blocking temperature. The clu-

ster magnetic anisotropy, which indeed determines the blocking temperature, can

be considered as a drawback in the MCE efficiency of superparamagnets. This

because, by shifting the maxima of ∆Sm(T ) and ∆Tad(T ) towards higher temper-
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Figure 4.1: Molar entropy of a (super)paramagnet with spin S per formula unit, as a function

of temperature, for magnetic field Hi and Hf > Hi. AB process: isothermal magnetization.

BC process: adiabatic demagnetization.

atures, it tends to lower the values of the MCE response [81–83]. Ideal candidates

for MCE applications, would then be magnetic clusters with large S and small

anisotropy.

4.1.3 Fe14 molecular nanocluster

In the following, I will briefly focus on the Fe14 compound, nominally Fe14(bta)6-

O6(OMe)18Cl6 [85]. Figure 4.2 shows the highly symmetric core, comprising

fourteen Fe3+ s = 5
2

spins, which can be described as a hexacapped hexagonal

bipyramid with the caps on alternate faces. The three face capping iron ions

(Fe2, Fe3, Fe4 and symmetry equivalents) and the apical iron (Fe1 and symmetry

equivalent) on either half of the molecule form two [Fe4(bta)3Cl3] units each

separated from a central {Fe6} ring, which has an almost planar symmetry. The

Fe−O−Fe bridges fall into two categories: those that connect the apical iron

ions (Fe1 and symmetry equivalent) to the face cap and equatorial iron ions,

and those characterized by much smaller angles that connect all other iron ions.

If we assume that the larger angles will lead to the strongest antiferromagnetic

exchange, thus dominating the other interactions, then we are left with a situation

whereby the spins on Fe1 and symmetry equivalent are antiferromagnetically
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Figure 4.2: (a) Molecular structure of Fe14(bta)6O6(OMe)18Cl6. Colour scheme: Fe, yellow; O,

red; N, blue; Cl, green. After Ref. [85]. (b) Sketch of the symmetric core containing fourteen

exchange-coupled Fe3+ ions, yielding a total spin S = 25. The arrows illustrate the alignment

of the Fe3+ s = 5
2 spins inside the cluster.

coupled to all other spins, which should lead to twelve s = 5
2

spins up and two

s = 5
2

spins down, and an overall S = 25 cluster spin ground-state (Figure 4.2).

Also preliminary characterizations [85] and simulations [86] agree that the Fe14

molecule has a spin ground-state as large as S = 25 and small cluster magnetic

anisotropy.

4.1.4 Experimental results

Magnetization measurements down to 2 K and specific heat measurements using

the relaxation method down to ≈ 0.35 K on powder samples, were carried out in
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Figure 4.3: Isothermal M(H) curves measured at different temperatures from 2 K to 50 K.

Also the curve taken at 0.4 K is shown.

our Quantum Design PPMS set-up for the 0 < H < 7 T magnetic field range.

Magnetization and susceptibility measurements below 2 K were performed using

the Hall microprobe magnetometer installed in the same set-up. In this case the

sample used consisted in a single grain of c.a. 10−3 mm3. Data taken by Hall

magnetometry are initially in arbitrary units, and successively are properly scaled

with the high-T measurement from the commercial magnetometer. Figure 4.3

shows isothermal magnetization measurements at low-T . It corroborates the

high-spin S = 25 ground state of the Fe14 nanocluster. For instance, a fit of

M(H) data collected at T = 2 K provides S = 25, g = 2.06 and uniaxial zero-

field splitting as low as D = 0.04 K. Figure 4.4 shows the magnetic susceptibility

χ(T ) and specific heat C(T ) data of Fe14. The main feature is given by the sharp

anomaly at TN = (1.87± 0.02) K, that can be seen in both χ(T ) and C(T ), and

that we attribute to LRMO. The maximum χ at TN corresponds to ∼ 56 emu/mol

(Figure 4.4, upper panel), which is smaller than that expected for paramagnetic

S = 25 spin. This suggests that a full ordered S = 25 state inside the cluster is

not achieved at TN , likely because (i) internal degrees of freedom allow spin states

other than S = 25 to contribute, and/or (ii) intercluster interactions are similar in

magnitude to the intracluster ones. The observed behavior is compatible with an
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antiferromagnetic nature of the ordered phase, as suggested by the sharp decrease

of χT (T ) at low T (inset of Figure 4.4).

The specific heat data C/R, shown in the lower panel of Figure 4.4 for H = 0

and 7 T, corroborate the interpretation of the χ data: the λ-type anomaly in the

zero-field C at TN , revealing the onset of LRMO, is quickly removed by the ap-

plication of an external H, proving its magnetic origin. The occurrence of LRMO

implies relatively small cluster magnetic anisotropy, otherwise superparamagnetic

blocking above TN should be observed. However, even a small anisotropy may

become important for a S as large as that of Fe14. This is reflected, for instance,

in the relative height of the transition peak at TN that, amounting to ≈ 1.2 R, is

apparently a bit too small for such a large S, suggesting that a large portion of
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the magnetic entropy is not available for the ordering mechanism. The C data

measured above 20 K show a large increase, that we associate with the lattice

contribution 1.

4.1.5 Evaluation of MCE

I will now evaluate the magnetocaloric effect for the Fe14 molecular compound

from experimental data, as described in Reference [87]. This procedure includes

the evaluation of the isothermal magnetic entropy change ∆Sm and adiabatic

temperature change ∆Tad from measured specific heat. For comparison, ∆Sm

also from magnetization data has been evaluated.

MCE from specific heat.

From the specific heat data of Figure 4.4(lower panel) the total entropies at

applied magnetic fields H = 0 and 7 T as functions of temperature can be deter-

mined using the following equation:

S(T )H =

∫ T

0

C(T )H

T
dT. (4.1)

The result of the numerical integration S(T )H is plotted in the bottom inset

of Figure 4.5 for both applied fields. The magnetic entropy change and adiabatic

temperature change is than calculated for this field change ∆H = (7 − 0) T, as

∆Sm(T )∆H = [S(T )7T − S(T )0]T and ∆Tad(T )∆H = [T (S)7T − T (S)0]S, respec-

tively. 2 The results are displayed as filled dots in Figure 4.5. It can be seen that,

for ∆H = (7− 0) T, Fe14 reaches a maximum −∆Sm of ≈ 4.5 R (or equivalently

≈ 15.9 J/Kg K) and ∆Tad of ≈ 5 K, both at T ' 6 K. It is worth to mention

that the entropy is calculated starting from the lowest experimentally achieved

temperature (≈ 0.35 K) and, obviously, not from T = 0 K as requested by 4.1.

1Lattice contribution above 20 K is modelled with n = 55 optic-like modes having Einstein

temperature θE = 68 K (dotted curve in Figure 4.4)
2The estimation of the lattice contribution is irrelevant for our calculation, since we consider

the difference between the total entropies at different fields.
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Therefore, the so-obtained ∆Sm(T ) and ∆Tad(T ) should be considered as under-

estimates. Upper limits are roughly obtained by extrapolating linearly the exper-

imental specific heat below TN for T → 0 K. The results, plotted in Figure 4.5 as

error bars, show that we estimate at T = 6 K for ∆H = (7− 0) T the magnetic

entropy change and adiabatic temperature change as −∆Sm = (5.0± 0.8) R, or

equivalently (17.6± 2.8) J/Kg K, and ∆Tad = (5.8± 0.8) K, respectively.

MCE from magnetization.

In an isothermal process of magnetization, the total magnetic entropy change

∆Sm due to the application of a magnetic field, can be derived from Maxwell

relations by integrating over the magnetic field change ∆H = Hf −Hi, i.e.,

∆Sm(T )∆H =

∫ Hf

Hi

(
∂M(T, H)

∂T

)

H

dH. (4.2)

From the magnetization data of Figure 4.3, ∆Sm(T ) has been calculated using

Eq. 4.2. The so-obtained magnetic entropy change for the magnetic field change

∆H = (7 − 0) T 3 is displayed as function of temperature in the top panel of

Figure 4.5, together with ∆Sm as obtained from specific heat data for compar-

ison. It can be noticed that, within the error, the result fully agrees with the

previous estimate inferred from specific heat, suggesting that both (independent)

procedures can be effectively used to characterize the Fe14 molecular nanocluster

with respect to its magnetocaloric properties.

The high spin value of Fe14 accounts only partially for the large MCE we mea-

sured. The experimental ∆Sm(T ) exceeds, indeed, the entropy expected for a

S = 25 spin system, that is R ln (2S + 1) ' 3.9 R (Figure 4.5). To explain

where the observed excess of magnetic entropy change comes from, the magnetic

and thermal properties of an isolated Fe14 molecule in zero-applied-field has been

modelled by classical Monte Carlo (MC) simulations using the metropolis algo-

rithm. As already mentioned and looking at the bottom inset of Figure 4.4,

3For practical reasons, the measurements at the lowest applied field were carried out for

Hi = 10−3 T, which in our calculations was approximated to zero-applied-field.

57



4. High Spin Molecular Cluster

1 10

0.1

1

10

0 10 20 30 40 50
0

2

4

6

8
0

1

2

3

4

5

6

 

 

E
nt

ro
py

 / 
R

T (K)

H = 0

H = 7 T

TadSm

H = (7  0) T

 

 

T a
d (

K)

T (K)

from specific heat

 from magnetization
  from specific heat

 

 

-
S
m
 / 
R

H = (7  0) T

S (spin 25)
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In the inset: Experimental entropy of Fe14 vs temperature for H = 0 and 7 T.

two primary categories of the Fe−O−Fe bridges have been identified [85]: those

that connect the apical iron ions to the face cap and equatorial iron ions (whose

exchange coupling we indicate as J1), and those characterized by much smaller an-

gles that connect all other iron ions (J2). We consider therefore the Hamiltonian

H = −∑
i=1,2

∑
(j,k) Ji sj ·sk, for all possible (j, k) pairs of exchange-coupled Fe3+

spins. Thus, we calculate χ(T ) to fit the experimental data (Figure 4.4), obtain-

ing estimates for J1 and J2. To avoid the influence of inter-cluster interactions,

only data for T > 20 K are taken into account. Assuming g = 2.06 as deduced
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from the saturation of the magnetization, the fit provides J1/kB ' −60.0 K and

J2/kB ' −25.2 K, where negative sign indicates that they are both antiferromag-

netic. A similar analysis of χ(T ) for Fe14 is already reported in Ref. [86]. The

so-obtained Ji values are next used to calculate the specific heat CMC associated

with internal degrees of freedom of the molecule. A relatively large contribution

is obtained CMC ∼ 7÷ 9 R for 20 K < T < 300 K (Figure 4.4), that implies the

presence of excited states close in energy to the S = 25 ground-state. Likely, large

CMC values have to be expected in the lower-T region as far as excited states re-

main populated. Recalling the uncomplete achievement of the S = 25 spin state

deduced from experimental χ(T ) at TN , and on basis of these MC simulations,

we identify the entropy associated with this contribution as that responsible for

the observed enhancement of the MCE of Fe14. Additionally, the transition to

LRMO is certainly contributing as well to the MCE parameters below ∼ 2 K.

However, on basis of the relatively small height of the ordering peak (Figure 4.4),

this contribution is not expected to be the dominant one. Indeed, no apparent

anomaly is seen in the ∆Sm(T ) and ∆Tad(T ) curves at TN .

4.1.6 Concluding remarks

The values of ∆Sm(T ) and ∆Tad(T ) obtained in Fe14 are exceptionally large,

even more than the ones obtained with intermetallic materials known to be,

so far, the best magnetic refrigerant materials in the temperature range below

10 K [77, 88]. For instance, the best representative is the recently studied [88]

(Er1−xDyx)Al2 alloy that, for x ≥ 0.5 concentrations, presents MCE parameters

below 10 K which are at least 30 % smaller than that of Fe14. Among systems

of superparamagnetic particles and molecular magnets, the gap is even more

pronounced. For instance, because of their well-defined spin ground state in this

temperature and field range, it is easy to show that the well known Fe8 and Mn12-

ac molecular nanoclusters cannot exceed values of −∆Sm ' 12.5 and 11 J/Kg K,

respectively, thus much smaller than that of Fe14. Moreover in these materials,

as in most molecular magnets, an additional complication (with respect to MCE
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parameters) is added by the cluster magnetic anisotropy. Because of this, cluster

spins are usually blocked in the liquid helium temperature range, causing the

spin-lattice relaxation to slow down dramatically. Therefore, cluster spins tend to

loose thermal contact with the lattice [89,90] resulting in lower magnetic entropies

and, consequently, lower MCE parameters. Ideally, it is desirable to keep the spin-

lattice relaxation at sufficiently high rates down to lowest temperatures, in order

to have a more efficient material in terms of MCE. For this reasons, materials

with small cluster anisotropy are preferable [75].

Summing up, Fe14 molecular nanomagnet is unique in terms of MCE due to

the combination of the following characteristics: (i) unusually large spin ground-

state; (ii) small cluster magnetic anisotropy; (iii) excess of entropy resulting from

low-lying excited S states; (iv) long-range magnetic ordering. For these reasons,

Fe14 has therefore high potentiality to work as magnetic refrigerant within a

temperature range below 10 K.
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4.2 Tunable Dipolar Magnetism in Fe17 Molec-

ular Cluster

4.2.1 Introduction

A rejuvenated interest in phase transitions driven only by dipolar interactions has

emerged since the experimental discovery that the magnetic molecular materials

Cr4 [91] and Mn6 [92, 93] provide attractive examples of pure dipolar magnets.

These are nanostructured such that molecular clusters replace what atoms are to

conventional materials. Quantum-mechanical superexchange interactions within

each molecule result in net (high-)spin values per molecule at low temperatures.

In parallel, dipolar interactions provide the only source of coupling between the

molecular spins arranged in crystallographic lattices. Assuming each molecule as

a high-spin point-like dipole, the macroscopic properties of dipolar magnets can

be precisely predicted because dipole-dipole interactions are calculated without

involving any adjustable parameter [93–97]. These ideal materials are however

very difficult to obtain. As often is the case, intermolecular superexchange inter-

actions may not be negligible at very low temperatures where long-range mag-

netic order (LRMO) takes place. The consequence is that correlations between

the molecules are often established by quantum-mechanical superexchange inter-

actions at short ranges, whose macroscopic prediction is made difficult by their

strong dependence on electronic details. Indeed, intermolecular superexchange

interactions were found to be responsible for the observed LRMO in the high-

spin molecular clusters Fe19 [98], Mn4Br [99], Mn4Me [90], and Fe14 [100], while

they likely play a mayor role also in Mn12 [101].

The absence of any superexchange pathway between the molecules is not the

only prerequisite needed for the experimental observation of dipolar order. An

obvious requirement is that molecules should have large molecular spins to lead to

accessible ordering temperatures. Another complication is added by the cluster

magnetic anisotropy. Crystal-field effects give rise to anisotropy energy barriers

for each molecule that result in slow magnetic relaxation below a certain blocking
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temperature. The cluster anisotropy energies favor the molecular spin alignment

along dictated directions, thus competing with the intermolecular coupling. The

anisotropy therefore has to be very small, such that the spin-lattice relaxation

is kept sufficiently fast down to temperatures low enough for LRMO to be ob-

served [90,92].

We have studied the Fe17 molecular nanomagnet [102] that, carrying very-

large spin S = 35/2 and axial anisotropy as small as D ' −0.02 K, represents an

excellent candidate for these studies. In addition, these molecules are only bound

together in the crystal by van der Waals forces thus prohibiting any intermolecular

superexchange pathway. What makes Fe17 a unique model system is that it

is possible, by changing the crystallization conditions, to change the molecular

packing without affecting the individual molecules, that is keeping the surrounding

ligands, the molecular high-spin ground-state and magnetic anisotropy unaltered.

In other words, it is possible to tune the dipolar coupling between molecules with

respect to the single-molecule properties. The resulting interplay gives rise to

macroscopic behaviors ranging from superparamagnetic blocking to LRMO.

4.2.2 Fe17 molecular cluster

The Fe17 molecules are synthesized by the group of Dr. E. Brechin in Edinburgh.

They contain 17 Fe3+ atoms linked via oxygen atoms (Figure 4.6) and are ob-

tained by dissolving either FeBr3 or FeCl3 in a coordinating base, e.g. pyridine

(pyr), beta-picoline (b-pic) or iso-quinoline (iso-qui) that also acts as solvent. To

crystallize the product (Fe17), a second (often non-coordinating) co-solvent like

diethyl-ether (Et2O), acetone (Me2CO), acetonitrile (MeCN), iso-propylalcohol

(IPA), etc. is slowly diffused into the basic solution. The product is generally

soluble in the first solvent (e.g. pyr) but insoluble in the second (e.g. Et2O) and

by slowly diffusing the second solvent in, the product is crystallezed. In this way

several derivatives having the same Fe17 magnetic core are obtained 4. Whilst

4For instance, the reaction between FeCl3 and pyr in the presence of MeOH produces the

complex Hpyr[Fe17O16(OH)12(pyr)12Cl4]Cl4 whose structure and preliminary magnetic prop-
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Figure 4.6: The Fe17 molecule containing 17 magnetically coupled Fe3+ atoms (Fe = yellow

balls; Cl or Br = red balls ; O = small red balls), together with the packing in two different

unit cells: R3̄ (trigonal) and Pa3̄ (cubic).

the spin value is preserved throughout the whole Fe17 family, the anisotropy may

change significantly. Chemists have synthesized a number of new Fe17 clusters

containing bromide ions in which they can either (i) exchange the pyr ligands

for b-pic or iso-qui ligands 4.6 thus modifying only the outer organic coating of

the Fe17, such that the major change is purely intramolecular (anisotropy); or (ii)

change the crystallizing co-solvent such that only the packing (space group) of

the molecules in the crystal is changed. For example, the reaction between FeBr3

and pyr in the presence of Me2CO affords the Fe17 magnetic core crystallized in

the trigonal space group R3̄, whilst the same reaction but in the presence of IPA

gives an identical Fe17 magnetic core but crystallized in the cubic space group

Pa3̄ (Fig. 1). By defining the organic ligand and subsequent crystallizing condi-

tions, they can therefore reproducibly generate different arrays of this molecular

magnet.

We intensively studied the above-mentioned Br derivatives of the Fe17 molecule

having trigonal or cubic symmetries. 5

erties were recently reported in [102], where it is showed that it has S = 35/2 and small cluster

anisotropy.
5The compound Fe17-trigonal crystallizes in space group R3̄ with a = b = 16.2552(6) Å, c =

63



4. High Spin Molecular Cluster

-3 -2 -1 0 1 2 3
-1

0

1

0 1 2 3 4 5 6 7
0

10

20

30

 

 

M
 / 
M

s

0H (T)

T = 0.4 K

Fe17-trigonal Fe17-trigonal
 Fe17-cubic

T =
 20

 K

T = 5 K
T = 2 K

 

 

M
 (

B
 / 

f.u
.)

0H (T)

Figure 4.7: Isothermal molecular magnetization for both Fe17-trigonal (◦) and Fe17-cubic (∗)
collected at T = 2, 5 and 20 K. Solid lines are the results of the fit (see text), yielding net

molecular spin S = 35/2 and axial D = −0.023 K. Inset: Hysteresis loop of Fe17-trigonal at

T = 0.4 K.

4.2.3 Experimental Results

We performed measurements of magnetization down to 2 K and specific heat

down to ≈ 0.3 K on powder samples, using our PPM-system in the 0 < H < 7 T

magnetic field range. Magnetization, susceptibility and relaxation measurements

below 2 K were performed using Hall microprobes. Raw data were scaled with

measurements taken with the commercial apparatus. The samples used were

single grains of c.a. 10−3 mm3. For measurements performed on powder samples,

the calculated fits were obtained taking into account spin random orientations.

71.919(5) Å, whereas Fe17-cubic crystallizes in space group Pa3̄ with a = b = c = 29.2854(3) Å.

From the unit cell volumes, the mean values of the intermolecular separations (assumed as the

centroid to centroid distances) has been obtained: 13.9 Å for Fe17-trigonal, and the slightly

larger value of 14.6 Å for Fe17-cubic. CCDC-612322 and CCDC-612323 contain the supple-

mentary crystallographic data for Fe17-cubic and Fe17-trigonal, respectively. These data can be

obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge

Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-

033; or deposit@ccdc.cam.ac.uk).
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Drawn curves are explained in the text. Inset: Magnification of the low-T / zero-field range

showing the different ordering behaviors.

Field-dependencies of the molar magnetization M(H) for both Fe17-trigonal

and Fe17-cubic were collected for T = 2, 5 and 20 K (Figure 4.7). The important

result is that the M(H) curves depend on the applied-field in an identical manner

regardless of the trigonal or cubic symmetry. This implies that the Fe17 magnetic

molecule (that is the spin ground-state and anisotropy) is the same in both com-

plexes. If we consider the single-spin Hamiltonian H = DS2
z + gµB

−→
H · −→S , the

magnetization in the whole field-range can be well fitted with net molecular spin

S = 35/2, zero-field splitting D = −0.023 K and g = 2.06 for both complexes.

Although smaller trigonal components could be present, the data do not justify

a more sophisticated fitting.

Figure 4.8 shows the collected specific heat C(T, H) data of both Fe17 molecu-

lar compounds as function of temperature for several applied-fields. At first sight

and as for the M(H) data (Figure 4.7), the C(T, H) of Fe17-trigonal does not

differ from that of Fe17-cubic, at least for H > 0. The main difference is in the

zero-applied field data for which a λ-type anomaly centered at TC = 0.81 K is

observed for trigonal symmetry (inset of Figure 4.8). Anticipating the discussion

below, this feature reveals the onset of LRMO, the magnetic nature is indeed
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proven by its disappearance upon application of H. Clearly, the λ-type anomaly

arises on top of a much broader one, which shifts with increasing applied-field

towards higher temperatures. Because of the small anisotropy (D ' −0.02 K),

it is expected that the magnetic contribution to C(T,H) for H ≥ 1 T is due

to Schottky-like Zeeman splitting of the otherwise nearly degenerate energy spin

states. Indeed, the calculated Schottky curves (solid lines in Figure 4.8) arising

from the field-split levels accounts very well for the experimental data. The same

behavior is followed by Fe17-cubic except that no sign of LRMO is apparently

observed.

As particularly evident in the low-T / high-H region of Figure 4.8, phonon

modes of the crystal lattice contribute differently to C(T ) of Fe17-trigonal and

Fe17-cubic. We estimated the lattice contributions (dashed lines in Figure 4.8)

by fitting to a model given by the sum of a Debye term for the acoustic low-

energy phonon modes plus an Einstein term that likely arises from intramolecular

vibration modes. From the field-dependencies of M(T,H) and C(T,H), we have

already deduced that the individual Fe17 molecule remains identical regardless of

space group. Therefore, it is not surprising that the fit provides the same Einstein

temperature θE ' 42 K for both compounds (Figure 4.8). Contrary, low-energy

phonon modes result in different Debye temperatures whose values are θD ' 23 K

and 28 K for Fe17-cubic and Fe17-trigonal, respectively. Because Fe17-cubic has

larger intermolecular distances 6, softer low-energy modes, yielding smaller θD, are

indeed to be expected. The so-obtained lattice contributions allow us to estimate

the entropy changes ∆S by using the relation ∆S/R =
∫∞
0

Cm(T )/(RT )dT where

Cm(T ) is the magnetic contribution obtained from C(T ) after subtraction of the

respective lattice contribution. For both compounds, the obtained ∆S amounts to

3.7 R, which is in good agreement with the entropy expected R ln(2S+1) ' 3.6 R,

given S = 35/2. As already anticipated, TC = 0.81 K can therefore be safely

attributed to the LRMO temperature of the molecular spins in Fe17-trigonal.

Susceptibility measurements (Figure 4.9) reveal sharp anomalies that take

place at ∼ TC for Fe17-trigonal, corroborating the LRMO deduced from spe-

6see footnote 5
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Figure 4.9: Magnetic susceptibility of Fe17-trigonal and Fe17-cubic for H = 0.01 T. Inset:

Zero-field cooled (ZFC) and field cooled magnetization data for Fe17-cubic, elucidating the

superparamagnetic blocking nature of the peak at TB ' 0.5 K (see text).

cific heat data and at TB ' 0.5 K for Fe17-cubic, whose nature is discussed below.

For T > 4 K, both susceptibilities tend to overlap each other (Figure 4.9). The

observed behavior in Fe17-trigonal is compatible with a ferromagnetically ordered

phase, in which demagnetization effects become important. The measured sus-

ceptibility at TC is close to the estimated limit for a ferromagnetic grain-like

sample, χN = 1/ρN ' 227 emu/mol (see Figure 4.9), where ρ = 3.32 g/cm3 is

the density of Fe17-trigonal, and N = 4π/3 is the demagnetizing factor of the

grain-like sample, approximated to a sphere. For the 5 K . T . 80 K tempera-

ture range, the fit to the Curie-Weiss law χ = C/(T − θ) for the susceptibility

of Fe17-trigonal corrected for the demagnetizing field, χ = χ′/(1 − ρNχ′), pro-

vides C = 175.4 emuK/mol and θ = 0.9 K, in agreement with the observed

ferromagnetic order at TC ' 0.8 K. The Curie constant C equals (within error)

the expected value of a (super)paramagnet with spin S = 35/2 and g = 2.06,

as deduced above from the magnetization data. This analysis is corroborated by

the hysteresis loop we collected in the ordered phase (inset of Figure 4.7), for

which Fe17-trigonal behaves as a soft ferromagnet with a coercivity of ∼ 60 Oe.

We recall that from M(H) curves, we estimated the anisotropy D = −0.023 K,
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from the linear fit the activation energy U is calculated.

which likely causes a pinning of the domain-wall motions responsible therefore

for the slow decrease of the experimental susceptibility below TC (Figure 4.9).

The occurrence of a sharp peak at TB ' 0.5 K in the susceptibility of Fe17-

cubic (Figure 4.9) has apparently no counterpart in the specific heat (inset of

Figure 4.8). We therefore exclude LRMO as a possible source. We recall that in-

termolecular distances for Fe17-cubic are slightly larger than that of Fe17-trigonal.

It is then reasonable to assume that in Fe17-cubic the intermolecular coupling is

weaker, and that the molecular anisotropy is the predominant energy. This would

lead to superparamagnetic blocking at TB of the molecular spins along preferred

directions dictated by the anisotropy. To better elucidate this point we per-

formed magnetic relaxation experiments in Fe17-cubic at temperatures below TB

(Figure 4.10 left panel). We firstly applied a field necessary to saturate the magne-

tization of the sample at 2 K. We then cooled down to a given temperature below

TB and, upon removing the field, we followed the relaxation of the Fe17 molecules

to thermal equilibrium by collecting the time decay of the magnetization. Results

are shown in the left panel of Figure 4.10, where it is seen that the decay neatly

slows down below TB, as expected for a superparamagnet. Magnetization data

are well described by a stretched exponential decay M/M0 = exp(−t/τ)β where

M0 is the initial magnetization, β the stretched parameter and τ the character-
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istic decay time. The T -dependence of τ (Figure 4.10 right panel) follows an

Arrhenius law providing the activation energy U = 7.0 K, that given S = 35/2

and U = −D(S2 − 1/4), corresponds to D ' −0.023 K, in well agreement with

that estimated above. We note that U of the Fe17 molecule is about eight times

smaller than that of the well-known single-molecule magnet Mn12-ac [9]. As a

result of similar spin dynamics, the same ratio holds for the respective blocking

temperatures as well.

4.2.4 Discussions and Conclusions

The Fe17 molecules are magnetically isolated from each other as evidenced by the

large intermolecular distances, for instance all Fe-Fe distances are greater than

8.7 Å for adjacent molecules in Fe17-trigonal. A close inspection of the crys-

tallography of both materials does not reveal any intermolecular superexchange

pathway nor any evidence of π-stacking of the pyridine rings. These facts show

that the dipolar interaction is solely responsible for the observed macroscopic be-

haviors. By switching from trigonal to cubic symmetry not only the arrangement

and reciprocal distances of the Fe17 molecules are changed, but accordingly also

the dipolar interaction energies Edip. Dr. M. Evangelisti performed extensive cal-

culations of Edip assuming several magnetic configurations of S = 35/2 point-like

dipoles arranged in analogous crystallographic lattices to that of Fe17-trigonal

and Fe17-cubic. In particular, the position of the spins was fixed accordingly to

molecular centroids. Interestingly, for Edip we found up to an order of magni-

tude change by switching from cubic to trigonal symmetry. Since the distance

between nearest neighbors change by less than 10% by switching from Fe17-cubic

to Fe17-trigonal, one has to conclude that lattice symmetries play the major role

in determining Edip. This neatly illustrates that the nature of the magnetic order

should not be deduced by simply comparing the ordering temperature with the

interaction energy between a pair of nearest spins.

For Fe17-trigonal the magnitude of the calculated Edip does justify that LRMO

is here driven by dipolar coupling between the molecules. We do not have, how-
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ever, enough evidence to discriminate which magnetic structure is realistically the

most probable one. Among the magnetic structures considered in our simulations

and on basis of our experimental data suggesting a ferromagnetic nature of the

ordered phase, promising candidates seem to be the alignment of the molecular

spins along the [100] direction and that along the [22̄1] direction. These con-

figurations have indeed the lowest calculated values (−Edip ' 0.8 K and 0.6 K,

respectively), which are of the correct order with respect to the experimental

kBTC . Preliminary neutron diffraction experiments performed by C. Vecchini

and O. Moze (Modena) [103] have recently corroborated the onset of the mag-

netic phase transition for Fe17-trigonal.

In conclusion, our low-temperature magnetization experiments demonstrated

that Fe17 molecular cluster undergo either LRMO or superparamagnetic block-

ing of the spins depending on the symmetry. This results from the interplay

of the dipolar magnetic coupling between the molecular spins, with respect to

the single-molecule magnetic anisotropy. That supramolecular chemistry leads to

fascinating ordered arrangements of identical high-spin nanomagnets is no nov-

elty; that these arrangements can be achieved without affecting the magnetic

properties of the individual nanomagnets (e.g. keeping unaltered the cluster spin

ground-state and magnetic anisotropy) is a step forward in the manipulation of

the magnetic interactions at the nanometer scale. The Fe17 system is therefore

a test model material for the modelization of phase transitions purely driven by

dipolar interactions.
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Chapter 5

Linking AF molecular rings for

Quantum Computation

In this chapter, I will show our characterization of AF molecular rings, linked

together by supramolecular cage complexes assembly, that could have potential

applications as quantum gates in quantum data processing. I will first introduce

the general problem, then present the Cr7Ni-molecular ring, which has been iden-

tified as a suitable candidate for quantum bit (qubit) encoding [104]. Finally, I

will report chemical synthesis and show experimental characterization (employing

PPMS magnetometry and heat capacity as well as Hall probes) of octanuclear

Cr7Ni-rings linked together into supramolecular dimers bridged by both organic

and metal-organic fragments.

5.1 Introduction

It is now well established that molecular magnets are electron spin systems suffi-

ciently decoupled from the environment to exhibit a coherent quantum dynamics:

this makes them potentially interesting in view of the quantum-information pro-

cessing (QIP) implementation. In a seminal paper by M. Leuenberg and D.

Loss [10], high spin molecular clusters, such as Mn12, are proposed for the im-

plementation of the Grover’s algorithm, which speeds up the search of an item
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in an unsorted database by a factor
√

N with respect to any known classical

algorithm, being N the size of the database. The efficiency of this approach,

where the quantum hardware consists in a single, large effective spin, essentially

arises from the linear superposition of the input states and from the quantum

interference between the respective outputs. In order to fully exploit the compu-

tational potentiality of a quantum system and to achieve exponential speedups,

however, a quantum computer should consist in a collection of two-level subsys-

tems (qubits), and their states be massively entangled during the time evolution.

The most powerful quantum algorithms, such as the one by Shor for factorizing

large integers, where shown to require proper sequences of single- and two-qbit

gates, i.e. unconditional rotations of single subsystems and unitary transforma-

tions of interacting couples [105]. Indeed, this selective addressing of the different

qubits and the timely tuning of the couplings between them are among the most

experimentally demanding achievements on the way to the QIP implementation.

Very recently, F. Meier, J. Levy, and D. Loss [106, 107] have asserted the

suitability to the application of this approach of those antiferromagnetic spin

clusters characterized by a ground-state doublet, each cluster corresponding to

an effective two-level system. One of the main advantages with respect to previ-

ously proposed single-spin encodings (i.e., one qubit per electron spin [108]) would

arise from the largest size of the molecules, and from the resulting reduction of

the spatial resolution which is required for the selective addressing of the qbits

by means of pulsed magnetic fields.

5.2 The molecular Cr7Ni as qubit

Among the above mentioned antiferromagnetic spin clusters, it has been shown

by our group that the heterometallic ring [Me2-NH2]
+-[Cr7NiF8(O2CCMe3)16]−

(Cr7Ni in short [109]) is a suitable candidate for the qubit encoding [104, 110].

The substitution of one CrIII(S = 3/2) ion with a NiII(S = 1) provides an extra

spin S = 1/2 to the otherwise compensated molecule, and indeed Cr7Ni shows a

S = 1/2 ground state. This is the first requirement for single qubit operation in a
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universal quantum computation (QC) scheme. Moreover, it also posses energetic

spectrum and symmetries that allow to perform the required rotations within

the computational space, while keeping the occupancy of the excited states (i.e.

leakage) negligible. This has been established performing low-temperature specific

heat measurements [104,110] and successive high-field torque magnetometer [111]

and inelastic neutron scattering (INS) experiments [112] to characterize the lowest

lying states of the Cr7Ni molecule. It turned out that the system exhibits at zero

field a ground state consisting in a (approximated) Kramers doublet, with total

spin S = 1/2, separated by an energy ∆0/kB = 13 K from the first excited

multiplet S = 3/2. While in principle anisotropy and Zeeman terms tend to

mix different multiplets (S-mixing [113]), this effect is found to not significantly

influence the implementation of qbit operations at low field [104,111,112] and S

can be considered a good quantum number.

With these results, the computational basis is identified with the ground-state

doublet S = 1/2 : |0〉|Sz = −1/2〉and |1〉|Sz = +1/2〉. The working static

field and temperature are selected to initialize the system to its |0〉 state, that is

obtained cooling the ring to a temperature much lower than the energy splitting

between the computational states, i.e. T < B0µB/kB. At the same time, high

energy separation between basis state and the first excited must be preserved,

to avoid leakage (L = 1 − [|〈0|ψ(t)〉|2 + |〈1|ψ(t)〉|2]). This is defined as the

population loss from the ground-state doublet to the higher states, that might

occur during spin manipulation when dealing with effective, rather than a true,

two-level systems. A reasonable compromise turns out to be B0 ≈ 2 T, and

T ≤ 1 K. Any quantum algorithm (i.e. rotation of the total spin S within the

basis states) can be obtained by applying sequences of pulsed magnetic fields

B1(t) orthogonal to the static field B0. A further requirement for qubit encoding

is that the system must have decoherence rate much higher than gating time. The

latter is essentially determined by the minimum field pulse needed to perform

transitions without population loss to excited states1; the first is caused by the

coupling of the system with the solid state environment that spoils its coherent

1Generally, longer field pulses avoid leakage.

73



5. Linking AF molecular rings for Quantum Computation

evolution. Calculations [104] show that, because of the relatively high value of

∆0, a gating time of the order of 150 ps can be enough to keep leakage below 10−4.

Concerning the decoherence rate, specific experiments have been performed. A

preliminary evaluation, obtained by magnetization measurements with resonant

photon absorption, gave lower bound for τd ∼ 25 ns [114]. More recent works [115]

pointed out that the main source of decoherence in the Cr7Ni molecule is to be

ascribed to the coupling to the nuclear moments of protons in the vicinity of

the cluster and estimated the intrinsic τd as 3.8 µs for the per-deuterated Cr7Ni-

analogue. This value is much higher than the gating time, thus allowing quantum

transitions to be implemented.

5.3 Molecular rings linked through Diamines and

Clusters

Even if the Cr7Ni ring represent an appealing candidate for quantum processes,

an efficient implementation of a quantum computer requires the creation of a two

bit quantum gate [106,107,116], that in turns requires entanglement between two

Cr7Ni rings. Such systems have been obtained by the chemist group of Dr. G.A.

Timco and Prof. R.E.P. Winpenny in Manchester.

Since the ring is templated about protonated amine cations, a straightforward

method is to use a diamine with a carbon chain of sufficient length so that a

Cr7Ni ring at either end can be attached. In initial experiments they find that

amines that work include 1,8-diaminooctane (1,8-dao), 1,9-diaminononane (1,9-

dan), while slightly more complex diamines such as 1,3-di(piperidine)propane

(1,3-dpp) also produces a pair of linked clusters. Longer diamines also work, e.g.

1,12-diaminododecane (1,12-dad), but the resulting crystal structures are signif-

icantly disordered. The linked clusters, [1,8-daoH2][Cr7NiF8(O2CCMe3)16]2(1),

[1,9-danH2][Cr7NiF8(O2CCMe3)16]2(2) and [1,3-dppH2][Cr7NiF8(O2CCMe3)16]2(3)

have been structurally characterised 2 (See Figure 5.1).

2for more details on the chemical synthesis method we refer to [117] and references therein
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Figure 5.1: Crystal structure of 1 (Hydrogen atoms and methyl groups have been omitted for

clarity; Cr green, Ni light green, F yellow, O red, N blue, C black). Selected bond-length

ranges: M−F 1.891−1.964, M−O 1.872−2.016 Å. Average estimated standard deviation (av

esd): 0.012 Å.

A further step forward will be to include switchable magnetic links between the

rings. To this end chemists have synthesized [EtNH2CH2py][Cr7NiF8(O2CCMe3]16]

(4; py=pyridine) knowing that the ring will encapsulate the secondary ammonium

group leaving the pyridine free to bind to further metal sites. To illustrate the

potential of such an approach they reacted 4 with dinuclear metal complexes,

[Cu2(O2CCMe3)4(HO2CCMe3)2] and [M2(H2O)(O2CCMe3)4(HO2CCMe3)4] (M

= Ni or Co). This gave the structures [M2(O2CCMe3)4[EtNH2CH2py][Cr7NiF8-

(O2CCMe3]162] (5: M = Cu; 6: Ni; 7: Co) [117] depicted in Figure 5.2. The

pyridine from 4 binds to the axial sites of the metal dimer. The M−M distance is

fairly constant at 2.63 Å in 5 in 2.61 Å in 6. The Cu−Cu distance is similar to that

in a previous copper dimer bridged by pivalate [118]. In related Ni dimers [119]

the Ni−Ni distance depends on the terminal ligands, being ca. 2.60 Å for pyridine

and longer for lutidines (ca. 2.72 Å). Complex 4 therefore appears to be similar

to pyridine in its donating properties. While these dimers are not switchable,

equivalent supramolecules can be made, where M = a 4d or 5d metal and where

the interaction between the [Cr7MF8(O2CCMe3)16] complexes can be varied by
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Figure 5.2: Crystal structure of 5 (see Figure 5.1 for color scheme; Cu orange). Selected bond

length ranges: M−F 1.909−1.967, M−O 1.914−1.997, Cu−O 1.953−1.960 Å. Av esd: 0.008 Å.

redox chemistry or photoexcitation of the multiply bonded dimer [120].

5.4 Experimental Results

Magnetic and specific heat studies of 1−3 and 5−7 were performed. The ac sus-

ceptibility was measured in the temperature range 2−100 K on different deriva-

tives(Figure 5.3). Data were collected on polycrystalline samples using the Quan-

tum Design PPM system. Each linked ring essentially show the same χT versus

T behavior for this temperature range and, after normalization to half a mole,

the χT (T ) curves overlap that of molecular Cr7Ni ring, i.e. isolated [Cr7MF8-

(O2CCMe3)16] complexes. The anomalies in the χ versus T plot (reported in

the inset of Figure 5.3) were related to the pattern of the lowest lying states in

a single Cr7Ni ring [104, 109] that comprises a S = 1/2 as a ground state and

a S = 3/2 as first excited multiplet. The field-dependencies of the magnetiza-

tion as collected at T = 0.4 K for each linked ring (employing the Hall probe

magnetometer) almost overlap one another and, since at this temperature only

the ground state is significantly populated, no deviation from the Brillouin curve

calculated for S = 1/2 is observed (Figure 5.4).

The temperature-dependencies of the specific heat c, normalized to the gas

constant R, were recorded for the range 0.4 K < T < 10 K, using the PPMS
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Figure 5.3: The χT product of Cr7Ni (black circles) and of the molecular dimers 1 (brown

squares), 2 (blue circles), 3 (red triangle), 5 (green crosses), 6 (yellow crosses) (in the case of

1−6, was normalized to half a mole) for the temperature range 2−100 K. Note that χT values

saturate al low T to the Curie value expected for a S = 1/2 for all the derivatives. Inset:

temperature-dependence of the ac susceptibility χ.

microcalorimeter and Helium-3 insert. Figure 5.5 shows that also in this case,

after normalization to half a mole for the dimers, the data overlap one another

and with those of Cr7Ni. The hump in the c(T ) curves at 3 − 5 K confirms the

Schottky anomaly related to the main energy gap, approximately 9 cm−1, between

the ground state S = 1/2 doublet and the S = 3/2 quartet. As a magnetic field

is applied, these multiplets are split and the Schottky anomaly evolves for all

derivatives similarly to what observed for Cr7Ni ring [104]. This behavior is well

accounted by the spin hamiltonian of a single wheel:

H =
∑

i

JSi · Si+1 +
∑

i

di[S
2
z,i − Si(Si + 1)/3]

+
∑
i<j

Si ·Dij · Sj + µB

∑
i

giSi ·B (5.1)
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Figure 5.4: Magnetization of Cr7Ni and derivatives 1−3 at 0.4 K, measured by Hall probe. No

deviations from the Brillouin behavior of an effective S = 1/2 are evident.

where the first term corresponds to the dominant antiferromagnetic Heisenberg

exchange between nearest neighboring spins; the second and third anisotropic

terms account for the coupling due to the crystal field and for the intraclus-

ter dipole-dipole interaction, respectively; the fourth term accounts for the Zee-

man coupling to the external field. The microscopic parameters can be deter-

mined by fitting the magnetic-field dependent specific heat data and, within

the experimental accuracy, for all derivatives the best set of parameters was:

JCr−Cr = 1.46 meV, JCr−Ni = 1.69 meV, dCr = −0.03 meV, dNi = −0.35 meV,

gCr = 1.98 and gNi = 2.2 ± 0.2. The addition of a coupling term between two

wheels does not improve the quality of the fit for T > 0.4 K.
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No anomalies are evident at small fields, indicating that the magnetic link between two rings is

vanishing. The hysteresis is quite similar to what observed for Cr7Ni reported in [114], where

it is ascribed to phonon bottleneck.

5.5 Conclusions

The above results show, therefore, that for all these complexes the pattern of

the lowest lying states of a single wheel is very close to that of the isolated

Cr7Ni ring. An upper limit for a possible coupling between two wheels has been

estimated to be weaker than ∼ 0.1 cm−1. To check this, in collaboration with Dr.

W. Wernsdorfer (Grenoble) the magnetization of micro-crystallites of 5 between

40 mK and 400 mK has been measured using a micro-SQUID array (Figure 5.6).

No evidence for an interaction between the Cr7Ni rings has been found even at

this temperature.

At one level the lack of a sizeable magnetic coupling may seem disappointing,

however this work proves that [Cr7MF8(O2CCMe3)16] complexes are relatively

stable and that they can be attached to one another by different linkers. At

another level, implementation of quantum computing will require one state where

the single qubits in the gate do not communicate. These results show that the

rings can be brought into close proximity without changing magnetic behavior
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due to through-space exchange.

In future works we will study clusters with switchable interactions, using light

or redox-chemistry, employing other metal-organic linkers.

81



5. Linking AF molecular rings for Quantum Computation

82



Chapter 6

High Temperature Slow

Relaxation of the Magnetization

in the Ni10 molecule

In this chapter, our experimental measurements on a novel family of molecu-

lar clusters containing 10 Ni-ions will be discussed. Ni10 has been magnetically

characterized in our laboratory employing PPMS-magnetometry options and Hall

probes. It presents very slow relaxation of magnetization at temperature as high

as ∼ 15 K that can not be explained in the framework of conventional mech-

anisms, since it occurs in the absence of anisotropy barrier, intermolecular ex-

change or disorder, or phonon bottleneck. In collaboration with the group of

prof. Giuseppe Amoretti, Prof. Paolo Santini and Dr. Stefano Carretta (Parma)

we attributed this extraordinary feature to the atypical magnetic spectrum of

Ni10, that shows a dense band of low-lying energy levels. This causes resonant

phonon trapping to occur, breaking the standard picture of phonon-assisted re-

laxation and hence leading to the blocking of M .
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6.1 Introduction

One of the most debated issues in the physics of magnetic molecules is how

the spin dynamics are affected by interactions of spins with other degrees of

freedom, in particular nuclear spins and phonons [2, 9, 121–124]. These interac-

tions induce decoherence of the spin dynamics, usually leading to relaxation of

molecular observables to their thermal equilibrium value. The comprehension

of these relaxation mechanisms in crystals containing magnetic molecules is not

only an intriguing issue of fundamental interest, but it is also of critical impor-

tance for the envisaged technological applications of these molecules as classical

or quantum bits. For temperature T & 1 K relaxation is due to spin-phonon in-

teractions, with phonons behaving as heat bath and inducing thermalization by

irreversible exchange of energy with spins. When T is increased, relaxation times

drop because phonon populations nph rise very rapidly. The class of molecules

relaxing in macroscopic times at the highest T (. 3 K) is that of molecular

nanomagnets [2, 9, 122], where the reversal of the magnetization M is hampered

by a uniaxial anisotropy energy-barrier. Other mechanisms potentially leading to

blocking of M are intermolecular exchange interactions or, at very low T (. 1 K),

phonon bottleneck due to the smallness of the lattice heat capacity.

We studied a family of molecular crystals, containing noninteracting magnetic

Ni10 molecules, which we find to display slow relaxation of M below about 17 K

in the lack of any anisotropy barrier. Thus, Ni10 is not a molecular nanomagnet:

the high-T non-equilibrium behavior is completely different from that observed

in nanomagnets and cannot be explained within the above-outlined framework

of phonon-assisted relaxation. The distinguishing feature of Ni10 is a magnetic

spectrum with a dense band-like group of states at low-energy, well separated

(by 14 meV) from all other levels. We suggest that this causes an unprecedented

form of resonant phonon trapping [125], and a resulting breakdown of the heat-

bath assumption for phonons: phonon populations nph are not fixed solely by

the thermostat temperature, but also result from the very slow joint dynamics

of phonons and spins. The resulting cooperative many-time-scales magnetic dy-
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The Ni10 Molecule

Figure 6.1: Molecular structure of Ni10(EtOH). Ni-Ni bonds are guides to the eye.

namics partially recalls that of spin-glasses, but here it is associated to neither

interactions nor disorder.

6.2 The Ni10 Molecule

The Ni10 family of compounds has been synthesized by the group of Dr. E.J.L.

McInnes (Manchester). Every compound has a magnetic core consisting in 10

Ni2+ ions arranged on a super-tetrahedron (Figure 6.1 and [126]). Ni10 cores are

well separated and embedded in crystalline-ordered molecular structures, where

the molecular and crystal symmetries are dictated by the specific organic ligands

used. The preparation and the structure of [Ni10(O)(thme)4(dbm)4(O2CPh)2-

(EtOH)6] (”Ni10(EtOH)”) have been previously reported [126].

The six Ni ions bisecting the edges of the supertetrahedon can be divided into

three pairs, each pair of ions being connected by a linear Ni-O-Ni superexchange

bridge passing through the center of the tetrahedron. This bridge yields a very

strong antiferromagnetic (AF) interaction Jsa · sb between the s=1 spins of the

two Ni ions in each pair. Other superexchange interaction constants are expected

to be much weaker, in particular the one (J ′) between these six Ni ions and the

four Ni ions at the vertices. Therefore, we expect the six central Ni ions to be

frozen in a nonmagnetic singlet state for kBT ¿ J , separated by a large gap of
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Figure 6.2: Energy of exchange multiplets of Ni10 as a function of the total spin S. The band-

like structure is clearly visible. The energy separation between contiguous bands is of the order

of J.

order J from excited states. The four vertex Ni ions are then coupled to each

other only in second and higher order perturbation theory with respect to J ′/J .

Thus, the exchange energy spectrum consists of a series of bands of states of width

' J ′2/J separated by large gaps of order J (Figure 6.2). The lowest-energy band

contains 19 total-spin multiplets for a total 81 levels, and its exchange structure

is approximately described by an AF effective Hamiltonian

Heff = Jeff/2
∑

i6=j=1,4

si · sj (6.1)

with Jeff ∝ J ′2/J .

6.3 Experimental Results

The spectral structure sketched above is confirmed by fits of the T - and field-

dependence of the dc-magnetization M measured on powder and single-crystal

samples (Figures 6.3 and 6.4). The Ni10 molecule has been experimentally char-

acterized in the temperature range 2−300 K, employing PPMS magnetometry on
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powder samples and by means of Hall probe for single crystal measurements. By

diagonalizing the full Hamiltonian of the 10 Ni spins, J ' 14.6 meV, J ′ ' 1.1 meV

and a Ni2+ gyromagnetic factor g ' 2.25 have been found. The spectrum contains

a low-lying band of states well separated (by about 14 meV) from higher-lying
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states (see Figure 6.2). All these parameters have been determined by fitting only

high-T and/or high-field magnetization data, since, as it will be shown later, for

small fields H and temperatures T the Ni10 molecule is not at equilibrium on the

time scale used for this type of measurements (indeed for small H χdcT displays

a peak below ∼ 20 K that is not reproduced by our model). However, we found

that at high-T and/or high-field preparation-dependence and nonlinearity tend

to disappear.

As far as magnetic anisotropy is concerned, we have made measurements on

different single-crystals and we have found no angular dependence of M within

our experimental accuracy. 1 The most important anisotropic contribution is the

coupling of the four vertex s=1 Ni2+ spins with the crystal-field (CF) generated

by their ligands. The local symmetry at the vertex sites is very low, with a first

shell of ligands forming distorted octahedra. A simple possible choice for the local

CF is a coupling of the form HCF =
∑

i=1,4 d(s2
ζi
− s(s + 1)/3), where sζi

is the

component of the spin of the ith vertex ion along the corresponding tetrahedron

axis. For Ni2+ in distorted octahedral environment the CF parameters have

typically values of a few cm−1 [127]. Thus, for the theoretical calculations, d

has been fixed to = −1 cm−1 ' −0.12 meV. This CF has overall tetrahedral

symmetry and produces only tiny dependence of M(H) on the orientation of H,

as found experimentally. We have checked that other choices for the sign and the

value of d or other possible forms of HCF lead to similar results. At last, the small

intramolecular dipolar interaction is evaluated in the point-dipole approximation.

The calculated lowest energy band is shown in Figure 6.11a.

In Figure 6.3, χdcT shows a bump at ∼ 20 K. In Ref. [126] this behavior had

been tentatively ascribed to the appearance of long-range magnetic order. Yet,

this looked odd since no intermolecular exchange pathway could be identified and

χdc(T ) displays no anomalies, as shown in the inset of Figure 6.3. By synthesizing

and analyzing various Ni10 derivatives we have also established that changing

the ligands, and therefore the packing and distances between different molecules

1an exemplum is given in Figure 6.4, where magnetization data taken on single crystals at

two different orientations with respect to the external field are shown.
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Figure 6.5: Temperature dependence of specific heat C (normalized to the gas constant R =

8.314 Jmol−1K−1) measured by using the two-tau relaxation method on two (0.7 and 2.6 mg)

polycrystalline Ni10 samples. Typical relaxation times were of the order of tens of seconds for

each point. The magnetic contribution Cm is calculated by considering the lowest lying energy

band of Ni10.

leaves the susceptibility behavior almost unaffected. Moreover, we have also

measured the specific heat of Ni10(EtOH) and we find no anomalies in its T -

dependence (Figure 6.5). Thus, long-range magnetic order must be ruled out.

The low-T behaviour is a nonequilibrium and this is directly evidenced by the

fact that the low-field magnetization M is markedly time- and history-dependent

for T . 17 K. In particular, M exhibits different behavior if a zero field cooling

(ZFC) or field cooling (FC) procedure is used (Figure 6.6). The ZFC curves lie

below the FC one, and with H = 100 G the opening of the ZFC and FC curves

occurs at ∼15 K close to the temperature of the maximum in the ZFC magne-

tization curve (Figure 6.6). Furthermore, M(H) at fixed T displays hysteretic

behavior (Figure 6.7).

To clarify these points, we measured the time evolution of M using different

preparation procedures. Some results are reported in Figure 6.8. The typical
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and hence different thermal coupling with the cryostat. In addition, it also depends on sweeping
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Figure 6.8: (a) Relaxation of M after preparation in FC conditions. A powder sample is cooled

in a field of 100G from 40K at 2K/min down to a fixed temperature T̃ . When T̃ is reached,

relaxation starts (time t=0). M0 = 0.075, 0.074, 0.059, 0.049, 0.034 µB/f.u. from bottom to top.

(b) Relaxation in the same condition as in (a), but the cooling is in 1000G and the field is

switched off as soon as T̃ is reached. M0 = 0.25, 0.24, 0.2 µB/f.u. from top to bottom. Inset:

M/H vs H, clearly showing the nonlinear behaviour of M , even for T as high as 20K or 30K.

relaxation behavior is multi-exponential: a first fast decay (few seconds and less)

followed by a second relaxation time-scale of few minutes, a further decay on the

time scale of a few hours, and finally a slow drift on the time scale of days or

even longer. Starting from the ZFC curve, M increases with time, whereas it

decreases when starting from the FC curve. In addition, the long-time value of

M is significantly different for FC and ZFC protocols (Figure 6.9). This means

that the system does not relax to equilibrium within the experimental timescale,

but rather it gets trapped in preparation-dependent out-of-equilibrium states.

Remarkably, if Ni10 is field-cooled in a magnetic field, when the field is switched
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Figure 6.9: Relaxation after preparation in ZFC and FC conditions. ZFC: powder sample is

cooled in zero field from 40 K at 2 K/min down to 2.5 K (T = T0). Then the field is switched on

and relaxation starts (time t = 0); FC: powder sample is cooled in field (Hext = 1000 Oe) from

40 K at 2 K/min down to 2.5 K (T = T0). When T0 is reached, relaxation starts (t = 0). Note

that the two saturation values are different, meaning that they are not the true equilibrium

states. The system is relaxing towards states of metastable equilibrium (history dependents),

in agreements with our predictions.

off a sizeable fraction of the magnetization M is retained for hours (Figure 6.8b).

The ac-susceptibility χac(T, f) has been measured at different frequencies f.

Both the in-phase χac′ and the out-of-phase component χac′′ (Figure 6.10 abruptly

increase below 20 K, and they show peaks at ∼17.5 K, ∼13 K and ∼8 K. We

define a blocking temperature T0 in correspondence of the first peak in χac′′. The

temperature at which χac peaks depends very weakly on frequency. This behavior

is remarkably different from that of a nanomagnet and an unphysical value of the

anisotropy barrier is obtained by assuming an activated Arrhenius mechanism.

Moreover, there is evidence that Ni10 is still in a nonequilibrium long-living state

up to ∼2 T0. In fact, M(H) is nonlinear even for tiny H (inset of Figure 6.8b),

where any equilibrium model would predict perfect linearity since µBH/kBT ¿ 1.

However, this is not accompanied by relaxation on the time scale of few hours for

T > T0.
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Ni10(EtOH) with an AC field of 10 Oe at different frequencies. Data are taken on cooling,

and a typical measurement from 30K to 2K lasts ∼2 hrs.
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6.4 Theoretical Model

The above mentioned experimental results show that Ni10 displays nonexponential

relaxation with many time scales below T0 and it is characterized by a nonlin-

ear M(H) up to ∼ 2T0. Since Ni10 has no anisotropy barrier, the observed long

relaxation times cannot originate from the same phonon-assisted barrier-crossing

mechanism as in nanomagnets. The relaxation properties of Ni10 have been the-

oretically analyzed by Dr. Stafano Carretta, prof. Paolo Santini and prof. G.

Amoretti (Parma). When the Ni10 is in contact with the phonon heat bath, the

main contribution to the magnetoelastic (ME) coupling comes from the modula-

tion of the electric-quadrupole moment of each Ni ion by phonons [124], which

leads to a relaxation dynamics for the spins described by transition rates Wst

between levels t and s given by

Wst = απ2∆3
stnph(∆st)

∑
i,j=1,10

∑
q1,q2=x,y,z

〈s|Oq1,q2(si)|t〉〈s|Oq1,q2(sj)|t〉 (6.2)

where the first sum runs over Ni ions, Oq1,q2(si) = (sq1,isq2,i + sq2,isq1,i)/2 are

quadrupolar operators, n(x) = (e~x/kBT − 1)−1 and ∆st = (Es − Et)/~. Equa-

tion 6.2 is based on the simplest conceivable Debye model for phonons in which

each Ni ion experiences a spherically symmetric ME coupling, but results do not

depend qualitatively on this specific choice. The single free parameter α char-

acterizes the coupling strength, and it is expected for Ni2+ to be of the order

of 10−4 THz−2. At T = 5 K this yields relaxation times of less than about

10−8 sec, i.e. hugely shorter than the observed times. Thus, the observed high-T

nonequilibrium behavior cannot be explained within the conventional framework

of phonon-assisted relaxation.

In the preceding analysis, a crucial assumption is that phonons behave like

a heat bath, establishing thermal contact with the thermostat instantaneously.

This assumption requires that once a phonon is emitted by a molecule, it is not

further reabsorbed by other molecules. The issue of the behavior of a system in

which this assumption breaks down is an old and very complex one, which for

simple 2-level model systems has been tackled in the past from several perspec-
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tives [125,128,129]. Reabsorption by nearby spins may lead to resonant trapping

of the phonons involved in the relaxation process. An intuitive picture [125] for

an ensemble of 2-level systems is that a resonant phonon is continuously emitted

and reabsorbed until by chance it is emitted on the wing of the resonance line,

where its free path is larger than the sample size L. Let K(E) be the absorption

coefficient, i.e. the probability of phonon absorption per unit length. By defining

the energy Ec such that K(Ec)L = 1, the trapping time τ in units of emission

time T1 will be approximately the ratio of the whole line intensity to the intensity

beyond Ec. Magnetic molecules have generally well-separated energy levels, and

are qualitatively similar to the above-mentioned 2-level systems. Therefore we

may generally expect effects on relaxation similar to those of 2-level systems, i.e.

at very low T only.

However, two features of Ni10 make it atypical: the first one is the presence of

a dense band of low-lying levels. The second one is the highly non-axial character

of the anisotropy. As a result, the ME interaction, which is quite large for Ni2+,

can induce transitions between virtually all pairs of levels, and the energies of

many of these transitions are close to each other on the scale of level widths

(typically a few µeV [130]). Thus, the E-dependence of the absorption coefficient

K(E) is very different from that of a two-level system and recalls that of a band

(Figure 6.11b). The red line in Figure 6.11b represents a typical phonon emission

spectrum corresponding to a given transition. By using the same rough line of

reasoning as above, τ should be proportional to the ratio of the whole red line

intensity to its intensity beyond Ec/kB ∼ 9 K. This number is clearly huge,

implying that phonons with E < Ec experience almost complete trapping, and

the crystal is opaque to them2. As a result, the phonon populations nph(E) are

not fixed to their thermal-equilibrium value as in Equation 6.2, but evolve slowly

in time jointly with spin populations. Modelling this dynamics is nontrivial even

for the much simpler single-resonance two-level systems [128,129]. Here, besides

having thousands of involved resonances, there is the additional fundamental

2Spatial diffusion of the trapped phonons is neglected as the diffusion time to the thermostat

is huge.
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Figure 6.11: (a) Energy levels of the lowest-lying band as a function of H (oriented along

one of the four tetrahedron axes). (b) High-T absorption coefficient K(E), calculated as

K(E) =
∑

s>t Wst(N/V )Pst(E)/(81cρ(E)), where Wst are given by Equation 6.2 with α =

10−4 THz−2, c = 3 × 105 cm/sec is the sound velocity, ρ(E) is the phonon density of states

(assumed Debye), and Pst(E) is a lineshape, assumed to be a gaussian centered at Es−Et with

a standard deviation σ/kB = 0.04 K (H = 100 G). Lorentzians yield an even denser spectrum.

(c) Calculated time-dependence of M/Meq (Meq being the equilibrium value of M) for three

representative temperatures (continuous lines) and H = 100 G. The dashed line represents

M(t) at 5 K calculated by neglecting phonon trapping. Initial conditions are equipopulation

for magnetic levels and equilibrium occupations for phonons.
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difficulty that since relaxation times are longer than the experimental window,

initial conditions for populations depend in unknown way from the system history.

To grasp some essential features of the relaxation behavior of Ni10 in the

trapped-phonon regime, it has been modelled by a system of coupled integro-

differential master equations. These describe the joint evolution of the popula-

tions of the molecular magnetic levels of the lowest band pl(t) (l = 1, 81), and of

the occupation numbers of Debye acoustical phonons nph(E, t)(as in, e.g. [128]).

The t-dependence of pl and nph is calculated numerically. Some results are shown

in Figure 6.11c. The model captures several key properties evidenced by experi-

mental data. First of all, it displays virtually infinite relaxation times even for a

degree of trapping much smaller than that expected from Figure 6.11b. At large

times the dynamics gets trapped in non-equilibrium states, as experimentally ob-

served. The calculated time-dependence (Figure 6.11c) is preparation-dependent

and non-exponential, similarly to what observed experimentally (Figure 6.8). As

T is increased, phonon trapping progressively gets less effective, and observables

relax faster to non-equilibrium values closer to equilibrium ones. In addition, if

the applied field intensity is increased, trapping is reduced because of the pro-

gressive opening of transparency windows in the phonon absorbance K(E). This

agrees, for example, with the lowering of the FC-ZFC splitting temperature, and

with the fact that peaks in the ac-susceptibility (Figure 6.10) disappear when H

is increased.

The model only mimics the lowest energy band of Ni10, while real Ni10 has an

additional energy scale, i.e. the gap (about 14 meV) separating ground- and first-

excited bands. Thus, Ni10 can also relax by Orbach processes exploiting high-E

phonons to bridge this gap. This induces an abrupt fastening of the relaxation

dynamics around 20 K, and we interpret the characteristic temperature-scale T0

as the one marking the onset of these inter-band processes.
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6. High Temperature Slow Relaxation of the Magnetization in the Ni10 molecule

6.5 Conclusions

Our experimental data have showed that Ni10 provides the first example of a novel

kind of slow magnetic dynamics which occurs in the lack of magnetic interactions

and anisotropy barriers. This high-T nonequilibrium behavior is completely dif-

ferent from that observed in molecular nanomagnets and cannot be explained

within the conventional framework of phonon-assisted relaxation. In collabora-

tion with the group of Parma, we propose an unprecedented form of resonant

phonon trapping to occur, leading to a breakdown of the heat-bath assumption

for phonons. Similar slow dynamics, even at higher T , is expected to characterize

molecular systems with analogous energy spectrum.
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Chapter 7

General Conclusions

In this work, I succeeded to implement Hall micro probes for magnetometry

within a commercial Quantum Design PPM-System. I showed that they can be

mounted in different inserts (standard Sample Puck, Horizontal Rotator, Helium-

3, etc. . . ) in combination with the P-400 Resistivity Option or even in a custom-

made probe, that, for example, could allow to take measurements in the presence

of different types of excitation (in our case, light or microwaves). For this system,

Hall probes thus represent a sensitive magnetometers that can be employed even

at temperatures below 1.8 K. Using the implemented set-up I investigated the

magnetic properties of novel classes of molecular nanoclusters in temperatures

down to 0.3 K and in an applied filed range of 0− 7 T.

Fe14 molecular nanomagnet has shown huge magnetocaloric effect for temper-

atures below ∼ 10 K, mainly because of the special combination of low anisotropy

and unusually large ground state spin S. Researches are currently in progress on

a new family of Mn-clusters (namely Mn24 and Mn32), that add to low anisotropy

and large spin a third key ingredient for MCE: frustration. It is indeed known

that when it is not possible to satisfy all the interactions, the system will show a

multiplicity of similar low energy levels rather than a well defined unique ground

state. As partially enlightened also in the Fe14 molecule, this increases the to-

tal amount of entropy associated with the system, enhancing the magnetocaloric

effect.
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7. General Conclusions

Employing Hall probes for magnetometry in the Helium-3 temperature region,

we studied the competition between single molecule anisotropy and dipolar cou-

pling in the Fe17 nanomagnet. We revealed how it can be tuned by changing the

symmetry with supra-molecular chemistry, leading to either long range magnetic

order or superparamagnetic blocking of the spins. More detailed study on the

magnetic phase transition (measurement of the critical exponents, determination

of the actual magnetic structure) are currently carried on by neutron diffraction

and heat capacity experiments on single-crystalline samples.

Possible routes towards the implementation of molecular gate for quantum

computation have also been investigated. I presented our experimental charac-

terization of Cr7Ni rings linked together by supramolecular chemistry and showed

that at least they are relatively stable and can be attached to one another without

changing their properties. Since the magnetic signal is tiny (spin ground state

of Cr7Ni molecule is S = 1/2), the high sensitivity of Hall probes magnetometry

is useful to study these systems down to the lowest accessible temperatures. In

collaboration with the chemist group of Manchester (Prof. R. Winpenny) we are

exploring more effective linking bridges as well as clusters with switchable inter-

actions, that could be activated or de-activated for example with electromagnetic

excitation, like visible light or microwaves. We are also planning to employ mi-

crowave pulses to perform rotations of the magnetization vector of the molecule,

to directly study the coherent dynamic of the system.

Finally, I showed the experimental evidences of the high-temperature slow-

relaxation of the magnetization in the Ni10 molecule and why it can not be ex-

plained within the conventional framework of phonon-assisted relaxations. In

collaboration with the group of Prof. G. Amoretti (Parma) we developed a new

model where resonant phonon trapping freezes the magnetization in a non equi-

librium state, leading to a very slow dynamic. Other derivatives of the Ni10

molecule as well as different systems with similar band-like energy spectrum are

under investigation.

All my measurements have been obtained on small crystals, containing a col-

lection (≈ 1014) of ordered identical molecules. However, many challenging ap-
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plications, such as the implementation of quantum bits with magnetic nanoclus-

ters, require single molecules to be addressed and hence magnetically detected.

At present time, few experimental techniques reach such an impressive sensitiv-

ity [131]. In Chapter 3 I demonstrated the realization of Hall nano-probes by

focused ion beam milling. These sensors have high flux sensitivity and can be also

used for magnetic imaging with high spatial resolution. Moreover, they constitute

a step towards the realization of probes of nanometer scale (≈ 10 nm) that, as I

have already pointed out, can be capable to detect even single electron spin placed

near the active area. Miniaturization of the sensor is fundamental to optimize the

coupling with the magnetic flux originated by the sample. However, while charge

depletion at the borders is the main difficult for semiconductor probes, metallic

sensors are limited by their tiny Hall coefficient. We are currently exploiting two

different technical strategies to overcome these issues: one is to employ control

gate voltages over highly-doped 2DEG heterostructures, while the other is the

use of graphene (i.e. a single layer of graphite) as the sensor material.

Depositing nano-electrodes to shrink the conductive channel is a known method,

with which Quantum Wires and Quantum Point Contacts are usually made, mea-

suring even the conduction of a single electron [132, 133]. Combining the four-

electrodes geometry with alternative 2DEG materials, like In0.75Ga0.25As/GaAs

(that has zero Schottky barrier and hence less charge depletion than traditional

2DEG structures [134]) it will be possible to obtain Hall nano probes suitable for

high sensitivity magnetometry.

On the other hand, graphene, or few layer graphite, or even thin film of high

quality graphite, essentially show properties of a 2DEG that means low number of

carriers (i.e. high Hall coefficient) and high mobility and hence high conductivity

(i.e. low resistance values and low noise in electrical measurements in spite of the

small number of carriers). Moreover, since graphite structures have shown to be

of metallic nature, scalability to true nanometer sizes appears feasible [135–137].

We believe that with these strategies magnetometers with enough sensitivity

to probe single magnetic molecules deposited on surfaces can be developed.
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