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Estratto in Lingua Italiana

Introduzione

I magneti molecolari (MnM) [1, 2] sono molecole con dimensioni di qualche nm, cos-

tituite da un nucleo magnetico supportato da una struttura di tipo organico. Il guscio

organico ha la funzione di schermare le interazioni intermolecolari, in modo da ottenere

un sistema apparentemente macroscopico, in cui le interazioni intramolecolari sono più

forti di quelle tra le molecole. I MnM possono essere quindi considerati come un insieme

quantistico, con spin e livelli energetici ben definiti. La presenza di livelli discreti, visibili

alle basse temperature ed in presenza di campi magnetici di pochi Tesla, rende queste

strutture nanomagnetiche molto interessanti, anche sotto il profilo della loro applicazione

come memorie magnetiche [1, 3–6].

(a) (b)

Figure 1: (a) Struttura cristallina del magnete molecolare Fe4 [Fe4
III(acac)6(Br-mp2)].

Gli ioni di Fe sono indicati in arancione. Le freccie indicano l’orientazione relativa dei

momenti magnetici di ogni singolo ione di Fe nello stato fondamentale S = 5. [7] (b)

Diagramma di Zeeman del Fe4 calcolato per diverse orientazioni rispetto al campo longi-

tudinale (θH = 0°(blu) e 45°(rosso)) [8, 9].



4

(a) (b)

Figure 2: (a) Struttura cristallina della molecola di Cr8Cd

[H2NtBuisPr][Cr8CdF9(O2CCMe3)18] [10]. La struttura molecolare consiste in un

anello con otto atomi di CrIII con spin 3
2
(verde) ed un atomo di CdII (azzurro). Lo

spin totale è S=0. Nel diagramma di Zeeman, calcolato per θ= 0°è riportato sia il

livello fondamentale S=0 che i livelli eccitati. In particolare a 2.2T e a 6.8T si possono

osservare dei crossing tra livello fondamentale e primo stato eccitato. [11]

Sfruttando la correlazione degli stati quantistici, si è aperta una nuova frontiera per

la tecnologia della informazione [12]. È, infatti, possibile sfruttare l’entanglement tra gli

stati per eseguire operazioni logiche in parallelo, valutando simultaneamente gli stati e

consentendo la risoluzione di problemi finora non trattabili con elaboratori di tipo con-

venzionale.

Le richieste fondamentali per l’implementazione di un elaboratore quantistico sono bit

quantistici (qubit) [12,13] altamente affidabili e un sistema efficiente di comunicazione tra

qubit mondo esterno. Riguardo alla prima richiesta, i magneti molecolari sono stati pro-

posti come candidati per l’elaborazione e l’immagazzinamento di dati quantistici [1,3–6],

grazie alla possibilità di ingegnerizzare i loro tempi di coerenza e le loro proprietà elet-

troniche e magnetiche in fase di sintesi chimica. Lo sviluppo di un ponte di comunicazione

tra bit quantistici e mondo esterno può essere realizzato inducendo transizioni tra stati di

spin tramite l’applicazione di campi magnetici oscillanti alle frequenze delle microonde.

Per raggiungere questo scopo è necessario convertire in modo efficiente il segnale alle

microonde incidente nel sistema con un campo magnetico oscillante nella posizione del

campione [14]. Questa richiesta può essere soddisfatta utilizzando cavità risonanti.

Recentemente sono state sviluppate architetture ibride in grado di accoppiare sistemi di
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bit quantistici, come gli spin e cavità risonanti superconduttive [15–19]. Seguendo questa

evoluzione, ci siamo prefissi lo scopo di ottenere un accoppiamento forte tra risonatori

a microonde ed un ensemble di magneti molecolari. In particolare, in questo lavoro di

tesi mi sono occupato della implementazione di un sistema sperimentale innovativo per

la misura della dinamica di spin in magneti molecolari, partendo dalla progettazione e

dalla realizzazione di risonatori planari funzionanti alle basse temperature ed in presenza

di campi magnetici statici.

Applicazioni dei risonatori planari

I risonatori planari [20–23] sono circuiti che permettono la risonanza interna di onde

elettromagnetiche a frequenze specifiche, le cui caratteristiche possono essere impostate

fissando le dimensioni su un singolo piano. Il vantaggio di operare su un singolo piano è

quello di poter realizzare questi componenti con tecniche litografiche.

Risonatori planari come antenne

Una applicazione dei risonatori a microstriscia è quella di utilizzarli come antenne per

l’eccitazione di transizioni tra livelli di spin in magneti molecolari tramite irraggiamento

di campi magnetici oscillanti alle microonde [14]. Accoppiando l’antenna con un magne-

tometro ad effetto Hall e registrando la curva di magnetizzazione del campione è possibile

studiare gli effetti dell’assorbimento delle microonde da parte del sistema di spin (vedi

Fig. 3) [24, 25]. Effettuando misure simili nel dominio del tempo è inoltre possibile

studiare la dinamica degli stati di spin del campione (vedi Fig. 4) [26].

Figure 3: (a) Esempio di curva di magnetizzazione in presenza ed in assenza di eccitazione

alle microonde. [25] (b)Applicando un campo nella direzione trasversale del campione è

possibile modificare la degenerazione degli stati di spin Δin modo da poter osservare tran-

sizioni con un salto energetico corrispondente alla frequenza di risonanza del risonatore.
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Figure 4: Curva di rilassamento della magnerizzazione di spin. Applicando un impulso

a microonde è possibile registrare i tempi caratteristici del sistema di spin che sono

strettamente correlati con i fenomeni di rilassamento di spin. τshort è correlato con i

meccanismi di interazione spin-fonone, mentre τlong con i meccanismi di interazione tra

spin.

Risonatori planari per misure di risonanza elettronica di spin

I risonatori planari vengono utilizzati anche per misure di risonanza paramagnetica elet-

tronica (EPR) [27, 28]. Applicando un campo magnetico oscillante alle microonde a

frequenza costante e sottoponendo il campione ad campo magnetico statico, ogni volta

che due livelli adiacenti sono separati di h̄ωres e sono accessibili rispetto alle regole di

selezione (ΔM=± 1, δS = ± 1 ), è possibile indurre una transizione di spin elettronico.

La sensibilità del rivelatore dipende dal fattore di qualità del risonatore e dalla elettron-

ica di acquisizione, per cui sono necessari risonatori con elevato fattore di qualità oppure

risulta opportuno lavorare alle basse temperature.

Risonatori planari per dispositivi ibridi quantistici

Facendo uso di risonatori coplanari superconduttivi con frequenza modulabile, è infine

possibile costruire strutture ibride per il trasferimento di informazioni quantistiche tra

qubit superconduttivi ed ensemble di spin che operano come memorie magnetiche (vedi

Fig. 5) [15, 18, 29–31].
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Figure 5: Esempio di una architettura quantistica ibrida per l’elaborazione quantistica

realizzata da Kubo [18]. Un qubit Q (rosso) viene accoppiato in modo capacitivo con un

risonatore R (blu) in modo da leggere il suo stato. Un risonatore planare superconduttivo

che agisce da bus B (giallo) è accoppiato elettrostaticamente con il qubit e magnetica-

mente con un ensemble di spin (vacanze di azoto in cristallo di diamante). La frequenza

di risonanza del bus viene modulata applicando un flusso ad uno SQUID attraverso una

linea di corrente dedicata F (verde). Applicando un campo magnetico lungo la direzione

cristallografica [111] del diamante è possibile aumentare la degenerazione degli stati di

spin, in modo da poterli trattare come memorie quantistiche ( [18]).
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Risultati

Di seguito vengono presentati i risultati fondamentali per la fase di progettazione e re-

alizzazione dei risonatori e per il testi di un nuovo setup di misura per la dinamica di spin.

Progettazione e simulazione dei risonatori

Nella prima fase di dimensionamento, i risonatori sono stati progettati riferendosi alle

equazioni standard presenti in letteratura, che si basano sulla tecnica di analisi a mappe

conformi [32]. Una volta dimensionato il sistema risonante, ho provveduto a simularne i

parametri di riflessione e trasmissione, ed i profili di campo facendo uso del software di

simulazione CST Microwave Studio® [33], in dotazione presso il Dipartimento di Ingeg-

neria della Informazione della Università di Modena e Reggio Emilia.

CST consiste in una suite di programmi di simulazione basato sull’analisi ad elementi

finiti di componenti ad alta frequenza. Suddividendo il modello da analizzare in domini

tetraedrici, il software è in grado di risolvere numericamente le equazioni di Maxwell

integrali per ciascun dominio ad una frequenza fissata. Tale simulazione viene ripetuta

riducendo la dimensione e sia arresta quando i parametri calcolati non variano significa-

tivamente in seguito alla modifica delle dimensioni dei domini.

In Tab. 1 sono riportati i dati di dimensionamento preliminare basati sulle equazioni

standard di progettazione.

Table 1: Elenco dei parametri calcolati in fase di progettazione dei risonatori. Per ogni

tipologia di risonatore sono indicati la frequenza, lo spessore della strip W e della gap

S tra strip e piani di massa, nel caso del risonatore coplanare. Inoltre sono indicati

lunghezza l della strip, costante dielettrica efficace εeff e fattore di qualità Q

Tipologia Frequenza [GHz] W [mm] S [mm] l [mm] εeff Qres

Microstrip 2 1.59 - 28.88 6.75 180.8

Microstrip 4 1.59 - 14.44 6.75 210.8

CBCPW 2 2.70 1.21 42.67 3.09 41.0

CBCPW 3 2.70 1.21 28.44 3.09 41.8

In fase di simulazione è stato fatto un importante studio sull’accoppiamento tra

risonatore e circuito esterno di alimentazione e trasmissione. In Fig. 6 sono presen-

tati, a scopo di esempio, i risultati della dipendenza del parametro di riflessione per un

risonatore coplanare, mente in Fig. 7 le diverse tipologie di gap ideate. In Tab. 2 vengono,

invece, presentati i parametri ottenuti dopo la fase di simulazione.
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Figure 6: Risultati della dipendenza del parametro di riflessione per un risonatore

coplanare a 3GHz. Sulla destra sono indicati gli andamenti della frequenza di risonanza

e del fattore di qualità Q in funzione delle dimensioni della gap. Le linee sono guide per

gli occhi. Si noti come non esiste una linearità tra dimensioni della gap e ampiezza del

segnale riflesso ma è necessario ricavare le giuste condizioni di accoppiamento simulando

più volte il funzionamento del risonatore in funzione delle dimensioni della gap capacitiva

di accoppiamento.

(a) (b) (c) (d) (e)

Figure 7: Esempi di gap simulate e realizzate per i risonatori a microstriscia: (a) gap

a facce paralleli che escono dal piano della strip per il modello a 2GHz (b) gap a facce

parallele per il modello a 4 GHz. Per quanto riguarda il risonatore coplanare: (c) gap

per la linea di alimentazione per la versione con risoluzione di 300 µm, (d)gap per la

linea di alimentazione per la versione con risoluzione di 500 µm, (e) gap per la linea di

trasmissione

Table 2: Risultati delle simulazioni. Per ogni risonatore vengono indicati tipologia della

gap, risoluzione geometrica, frequenza di risonanza, ampiezza del parametro di riflessione

S11 e trasmissione S21 e fattore di qualità Q per il sistema non isolato.

Codice campione Tipologia della gap Risoluzione [µm] fres [GHz] S11min [dB] S21max [dB] QL

Microstrip A a 200 2.0379 -18.0062 - 57.6

Microstrip B b 350 4.2806 -30.8099 - 44.8

CBCPW A d 300 2.0187 -25.7858 -11.7259 12.3

CBCPW B c 500 2.0265 -10.4774 -14.0675 26.7

CBCPW C d 300 3.0415 -12.4448 -10.6027 8.4

CBCPW D c 500 3.0521 -24.8037 -12.5305 18.9
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Le figure successive mostrano i risultati di simulazione per due diversi risonatori, uno

a microstriscia e uno coplanare con piano di massa sul retro. Nelle Fig. 8 e 9 sono ri-

portati i parametri di riflessione e trasmissione, mentre nelle Fig. 10, 11 e 12 i profili di

campo.

Figure 8: Risultati della simulazione del parametro di riflessione S11 del risonatore a

microstrip da 2GHz. Si noti la presenza di armoniche successive a quella fondamentale.

La presenza di un picco indica un assorbimento da parte del risonatore, corrispondente

ad una risonanza.

Figure 9: Risultati di simulazione dei parametri di scattering per il risonatore coplanare

da 2GHz. In corrispondenza di una risonanza aumenta il segnale trasmesso.
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(a) λ/2 → 2GHz (b) λ→ 4GHz (c) 3/2 λ→ 6GHz

(d) λ/2 → 2GHz (e) λ→ 4GHz (f) 3/2 λ→ 6GHz

Figure 10: Simulazione della distribuzione dei profili del campo elettrico e magnetico per il

risonatore a microstrip da 2 GHz per la frequenza fondamentale e le prime due armoniche

successive. L’intensità dei campi si riferisce ad una distanza verticale di alcune centinaia

di µm.
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(a) λ/2 → 2GHz (b) λ/2 → 2GHz

(c) λ→ 4GHz (d) λ→ 4GHz

(e) 3/2 λ→ 6GHz (f) 3/2 λ→ 6GHz

Figure 11: Simulazione della distribuzione dei profili del campo elettrico e magnetico

per il risonatore coplanare con piano di massa sul restro da 2 GHz per la frequenza

fondamentale e le prime due armoniche successive. L’intensità dei campi si riferisce ad

una distanza verticale di alcune centinaia di µm.

(a) (b)

Figure 12: Profilo del campo magnetico in sezione, simulato alla frequenza di 2GHz per

il risonatore a microstrip (a) e per il risonatore coplanare (b). Nel primo caso l’intensità

massima del campo è di 32 Oersted ed è localizzata nei primi µm sul bordo della strip.

Discorso analogo per il risonatore coplanare dove, però, l’intensità di campo massima è

di 13 Oersted. Questo valori sono consistenti con quelli presenti in letteratura [34].
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Realizzazione dei risonatori

I risonatori a Microstrip (Fig. 13) sono stati realizzati facendo uso di un substrato ceram-

ico con basso fattore di perdita ed alta stabilità Arlon AR1000, particolarmente adatto

per applicazioni ad alte frequenze. Trattandosi di un materiale facilmente deperibile

nella fase di pre-lavorazione, ci siamo rivolti ad una azienda esterna, specializzata nella

lavorazione di materiali speciali per applicazioni a microonde (Baselectron). I risonatori

coplanari (Fig. 14), sono stati invece realizzati mediante tecnica di fotoincisione presso i

laboratori del Dipartimento di Ingegneria della Informazione della Università di Modena

e Reggio Emilia. Il materiale utilizzato per il substrato è una vetronite tipo FR4 con

metallizzazioni su entrambe le facce.

Figure 13: Sulla sinistra è riportato il prototipo di risonatore a microstrip con frequenza

di risonanza di 2GHz. Sulla destra, invece è riportato il risonatore a microstrip con

frequenza di risonanza di 4GHz su cui è stato bondato un magnetometro di Hall e le

connessioni per il suo inserimento nel sistema di misura. La particolare geometria di

questi risonatori è stata appositamente studiata per fare in modo da poterli collocare

all’interno del criostato Heliox VL e per assicurare un buon contatto termico con il dito

freddo.

Figure 14: Prototipi dei risonatori coplanari con piano di massa sul restro. Da sinistra:

mod. A (fres=2GHz, risoluzione 300µm), mod. B (fres=2GHz, risoluzione 500µm), mod.

C (fres=3GHz, risoluzione 300µm), mod. D (fres=3GHz, risoluzione 500µm)
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Caratterizzazione dei risonatori

I risonatori sono stati caratterizzati facendo uso del Vector Network Analyzer (VNA), uno

strumento in grado di misurare i parametri di scattering (trasmissione e riflessione) di

una linea ad alta frequenza. In Tab. 3 sono riepilogati i risultati fondamentali, mentre in

Fig. 15 e 16 è possibile vedere un confronto tra parametri misurati e simulati. In Fig. 17

viene presentato lo studio di riproducibilità per i diversi prototipi di risonatori coplanari

realizzati, mentre in Fig. 18 e U sono riportate le caratterizzazioni dei risonatori alle

basse temperature. La caratterizzazione in presenza di campo magnetico statico a basse

temperature è mostrata in Fig. 20

Table 3: Risultati della caratterizzazione sperimentale dei risonatori a temperatura am-

biente

ID fres [GHz] S11min [dB] S21max [dB] Q

Microstrip A 2.074 ± 0.003 -20.47 ± 0.01 - 56 ± 1

Microstrip B 4.290 ± 0.003 -30.14 ± 0.01 - 43 ± 1

CBCPW A 2.019 ± 0.003 -25.79 ± 0.01 -12.40 ± 0.01 20 ± 1

CBCPW B 1.989 ± 0.003 -8.55 ± 0.01 -14.79 ± 0.01 37 ± 1

CBCPW C 3.013 ± 0.003 -8.74 ± 0.01 -10.40 ± 0.01 12 ± 1

CBCPW D 3.031 ± 0.003 -30.36 ± 0.01 -16.50 ± 0.01 22 ± 1

Figure 15: Confronto tra il parametro di riflessione misurato e simulato per il risonatore

a microstrip da 2 GHz a temperatura ambiente.
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Figure 16: Confronto tra i parametri di scattering misurati e simulati per il risonatore

coplanare da 2 GHz a temperatura ambiente.

Figure 17: Misura della riproducibilità dei parametri di scattering per tre prototipi della

stessa tipologia di risonatore coplanare a temperatura ambiente.
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Figure 18: Confronto del parametro di riflessione del risonatore a microstrip per diverse

temperature.

Figure 19: Risultati delle analisi di confronto del parametro di riflessione S11 del

risonatore coplanare per diversi valori di tempratura, da cui emerge un calo del picco

di risonanza. Analisi successive hanno permesso di dimostrare che tale comportamento è

dovuto dai fattori di perdita del substrato che variano notevolmente in base alla temper-

atura.
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Figure 20: Confronto tra i parametri di scattering del risonatore coplanare in presenza

ed in assenza di campo magnetico statico.
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Implementazione di un sistema per misure di dinamica di spin

Durante il lavoro di tesi ho sviluppato un nuovo setup di misura per lo studio della di-

namica di spin sui magneti molecolari a basse temperature, in campi magnetici ed in

presenza di eccitazione a microonde. Il sistema è mostrato in Fig. 21 e fa uso di un

magnete tri-assiale e un criostato a condensazione di 3He (Oxford HelioxVL), in grado di

raggiungere una temperatura base di 300mK.

Figure 21: Nuovo setup sperimentale per lo studio della dinamica di spin. Con questo

setup posso essere realizzate due tipologie di misure. Applicando una eccitazione alle

microonde continua al sul campione e registrando con il Lock-in il segnale di Hall è pos-

sibile ottenere la curva di magnetizzazione in presenza di transizioni indotte. Applicando

invece un segnale impulsato e registrando la tensione di hall in funzione del tempo con

l’oscilloscopio si possono determinare i tempi di rilassamento del sistema di spin sotto

indagine. La possibilità di utilizzare un magnete tri-assiale offre il vantaggio di effettuare

studi con diverse orientazioni di spin.
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Implementazione di un sistema per l’accoppiamento spin-risonatori

Per dimostrare la presenza di un accoppiamento tra ensemble di spin dei magneti moleco-

lari e risonatore coplanare, è stato sviluppato un setup di prova facendo uso del sistema

criomagnetico PPMS della Quantum Design (vedi Fig. 22). È stato preparato un porta-

campioni in grado di ospitare il risonatore coplanare in trasmissione e sono state effettuate

misure sui parametri di scattering del risonatore in presenza ed in assenza di campioni

magnetici molecolari Fe4 e Cr8Cd. I risultati dei tesi preliminari sono presentati in Fig.

23 e 24.

Figure 22: Setup sperimentale per la misura dell’accoppiamento tra risonatore e sistema

di spin molecolari. Registrando i parametri di scattering del risonatore in funzione del

campo applicato in presenza ed in assenza del campione magnetico è possibile ottenere

utili informazioni sulla possibilità di accoppiamento tra i due sistemi.
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Figure 23: Confronto tra parametro di trasmissione del risonatore coplanare in assenza di

campioni magnetici ed in presenza di una magnete molecolare di Fe4 e un nanomagnete

di Cr8Cd. In presenza di Fe4 si nota la presenza di un picco in trasmissione ad una

frequenza diversa da quella di risonanza.

Figure 24: Analisi differenziale della evoluzione dei picchi di trasmissione del risonatore

planare in presenza di un campione di Fe4. Questi valori sono stati ottenuti sottraendo

lo spettro di trasmissione del risonatore vuoto con quello in presenza del campione. Si

noti la presenz adi due picchi che evolvono in funzione del campo magnetico applicato.
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Conclusioni
La possibilità di sintetizzare magneti nanomolecolari (MnM) che presentano una discretiz-

zazione dei livelli alle basse temperature, permette lo studio della dinamica di spin con

campi elettromagnetici alle microonde. L’implementazione di nuovi sistemi per l’analisi

della dinamica della magnetizzazione, in grado di interrogare e manipolare il loro stato

di spin, apre prospettive in applicazioni quali memorie magnetiche e processing della in-

formazione quantistica.

In linea con le più recenti proposte, in questo lavoro di tesi mi sono occupato della messa

a punto di due sistemi criomagnetici in presenza di eccitazione alle microonde.

Partendo dalla progettazione e dalla realizzazione di sei diversi risonatori, due a mi-

crostriscia e quattro risonatori coplanari con piano di massa sul retro in trasmissione,

in grado di operare alle basse temperature (300mK) ed in presenza di campo mag-

netico. In un primo setup, facendo uso dei risonatori coplanari in trasmissione ho testato

l’accoppiamento spin-risonatore con i magneti molecolari di Fe4 e Cr8Cd. Dai primi

risultati ho potuto osservare una variazione dei parametri di scattering del risonatore in

presenza di un campione magnetico, e per diversi campioni la risposta risulta differente.

Da una seconda prova con il magnete molecolare di Fe4, ho evidenziato la presenza di

strutture che evolvono in funzione del campo magnetico statico. Questo risultato andrà

confermato con test successivi, ma risulta indicativo della presenza di un accoppiamento

tra risonatore e magnete molecolare.

In un secondo setup, in fase di ultimazione, ho accoppiato il risonatore a microstrip con

una magnetometro di Hall per misure di rilassamento della magnetizzazione e per il rilievo

di curve di magnetizzazione in presenza di eccitazione a microonde e di un campo statico

tri-assiale.

Ho fabbricato i dispositivi risonanti mediante tecnica di fotoincisione, usando substrati

diversi per le due categorie di risonatori. Caratterizzando i risonatori mediante l’uso di

un Vector Network Analyzer, ho potuto confermare i dati di simulazione. I risonatori

sono risultati ben riproducibili ed è stata evidenziata la presenza di armoniche oltre la

frequenza fondamentale. I parametri di scattering dei risonatori sono stati misurati anche

in regime di basse temperature. E’ stata poi studiata l’influenza del campo magnetico

statico sui risonatori coplanari. Da questa analisi non sono emersi contributi significativi

da parte del campo.

La fase di implementazione dei setup di misura ha richiesto molta attenzione riguardo al

perfezionamento della linea a microonde e alla termalizzazione del sistema, in presenza

di sollecitazioni alle microonde. Per il prossimo futuro sono previsti ulteriori test per

con entrambi i setup di misura con lo scopo di migliorare i risultati finora ottenuti in

termini di stabilità del segnale e di accoppiamento tra cavità e magneti molecolari. Ulte-
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riori recenti analisi preliminare delle risonanze in trasmissione ottenute sul Cr8Zn (vedi

Fig. 25) hanno messo in evidenza alcune caratteristiche dello spettro di questo sistema

quantistico. Questi risultati, se confermati aprono nuove possibilità per lo studio ed il

controllo della dinamica di spin molecolare.
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Figure 25: (a) Diagramma di Zeeman per il Cr8Zn calcolato per θH = 0. (b) Spettro

differenziale per il parametro di trasmissione del risonatore coplanare da 2 GHz, in as-

senza di campione. Lo spettro è stato calcolato sottraendo la curva misurata a campo

magnetico applicato nullo, in modo da evidenziare l’evoluzione dei picchi con il campo.

(c) Spettro differenziale per il parametro di trasmissione del risonatore in presenza di un

campione di Cr8Zn posizionato sull’antinodo del campo magnetico oscillante alla armon-

ica a 4GHz, in modo da ottenere una maggiore sensibilità. I picchi negativi indicano la

presenza di un assorbimento. I due andamenti differiscono notevolmente: per il risonatore

vuoto non si osservano variazioni apprezzabili, mentre in presenza del campione sono pre-

senti assorbimenti che evolvono con il campo magnetico statico applicato. Questo e altri

risultati sono ancora in fase di discussione ma, se confermati, potrebbero essere una ulte-

riore prova della possiblità di accoppiare risonatori coplanari e nanomagneti, con il setup

implementato nel lavoro di tesi, e studiarne la dinamica di spin.
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Chapter 1

Introduction

1.1 General Context

Exploiting the laws of quantum mechanics, a new frontier for information technology

have been established [12]. Quantum states entanglement, a fundamental characteristics

of quantum mechanical system, enables parallel execution of logic operations, reducing

the processing time for some important problems by many orders of magnitude. In fact,

unlike the classical parallelism, where multiple circuits works simultaneously, in quantum

parallelism a superpositions of different states can be computed with a single circuit,

evaluating simultaneously multiple states.

A very important request for the implementation of a quantum computer is the prepara-

tion of high fidelity quantum bits [12,13] and the realization of a system of communication

between qubits and external world.

Concerning the first request, due to their long lived coherence and the possibility of chem-

ically engineer their electric and magnetic properties, molecular nanomagnets have been

proposed as suitable candidates for quantum computing and data storage [1, 3–6].

Microwave electromagnetic fields can be exploited for communication beween nanomag-

nets and the external world. The projection of nanomagnet spins can be manipulated

inducing transitions between spin states by oscillating magnetic fields at the microwave

frequencies. This requires an efficient conversion of the microwave power into AC mag-

netic field at the sample position [14]. Resonant cavities at microwave frequency satisfies

this request.

Hybrid architectures able to achieve a strong-coupling regime between qubit systems such

as spins and superconducting qubit circuits have been recently realized [15–19]. Follow-

ing this trend, we aim to realize a strong coupling between microwave resonators and an

ensemble of molecular spins.

In this thesis work, the design and the realization of planar resonators for coherent spin

3
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dynamic enhancing in molecular magnets will be presented. In particular, different mod-

els of microstrip [20, 21] and coplanar waveguide resonators [22, 23], with fundamental

frequencies from 2GHz to 4GHz, have been fabricated.

The choice of those resonant frequencies, lower with respect to the typical values used in

literature, is due to the interest of studing the spin dynamics in a frequency range sim-

ilar to the actual wireless communication standard. These studies may open new ways

for interesting future applications, such as as tunable antennas able to modulate their

resonant frequency in presence of a static field [35].

During the thesis work, I have tested the coupling between molecular nanomagnets and

coplanar resonators trough transmission measurements at cryogenic conditions and GHz

frequency. I’ve also developed a new experimental setup to observe the quantum be-

haviour of molecular nanomagnets and to investigate the relaxation processes of the

SMM in order to study the spin ensemble coherence times.

In order to acquire the right technical knowledge, a really productive collaboration with

the Department of Information Engineering at Università di Modena e Reggio Emilia

have been established, giving the opportunity of using software and facilities expressly

developed for telecommunications systems technology.

(a) (b)

Figure 1.1: Strong coupling between nitrogen vacancies NV centers spin ensemble and

a superconducting coplanar waveguide resonator. (a) Nitrogen vacancies energy level

scheme. Applying a static field it’s possible to split the spin energy levels, obtaining two

different states that can be used as qubits. (b) By measuring the transmission parameter

of the resonator it’s possible to observe Vacuum Rabi splitting close to resonance with the

spin ensemble energy level ω−, thus demonstrating a strong regime of coupling between

the spin ensemble and the resonator (from [19])

This thesis is organized as follows: in the first part will be introduced the theoretical

background needed to understand and design microstrip and CBCPW resonators. In

the second part the experimental techniques and instruments will be presented. The

experimental setups for the characterization of resonators and for the preliminary tests on
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an innovative system for spin dynamic investigation will be also described. In the third

part the resonators characterization results and the preliminary test on spin-resonator

coupling and the new measurement setup will be presented. General conclusions and

future implementations will be discussed in the fourth part.

1.2 Molecular Nanomagnets

Molecular nanomagnets (MnM) [1,2] are molecules having size of few nm, constituted by

a magnetic nucleus surrounded by a shell of organic chemical groups. The organic shell

acts as a shield that screens the inter-molecular magnetic interactions, therefore intra-

cluster magnetic interactions are stronger than those among clusters. Thus, even if the

final product appears as a macroscopic sample, the behaviour of the molecule is unrelated

to the environment and it’s possible to consider these materials as statistical ensembles

of quantum systems, with defined total spin and discrete energy levels. The presence of

discrete levels makes MnM attractive for quantum information processing applications

such as quantum memories or qubits.

The quantistic behaviour can be observed at low temperatures, while the levels crossing

can be observed in presence of a few Teslas magnetic fields. The deep level of control

achieved by chemical synthesis allows to produce collections of identical molecules em-

bedded in crystalline structures and aligned along specific crystallographic directions.

In this thesis two different molecular nanomagnets have been adopted: Fe4 [7–9] and

Cr8Cd [10,11].

The crystal structure of Fe4, with formula [Fe4
III(acac)6(Br-mp2)], is shown in Fig. 1.2(a).

In this molecule the central FeIII ion (spin 5
2
) is coupled antiferromagnetically to the pe-

ripheral FeIII ions, resulting in an S=5 molecular spin ground state. This brings to well

defined pattern of discrete energy levels, as can be seen in Fig. 1.2(b). By applying a

microwave excitation with a frequency equal or higher than levels energy splitting, it’s

possible to enhance a transition between two levels, with a selection rule Δm = ±1.

In presence of a magnetic field, the Zeeman splitting leads to levels crossing that enables

transitions between two states also for lower frequencies.

The Cr8Cd antiferromagnetic ring has with formula [H2NtBuisPr][Cr8CdF9(O2CCMe3)18],

and its crystalline structure is shown in Fig. 1.3(a). The molecule structure is a ring

structure with eight CrIII atoms with spin 3
2
and a CdII atom with spin 0, giving a total

spin ground state S=0. In Fig. 1.3(b) is represented the Zeeman diagram where it’s also

possible to see the discrete energy levels distribution, with S=0 ground state and the

excited states. The applied magnetic field gives a crossing between the low-lying energy

levels, at the critical values of 2.2 T and at 6.8 T. The ground state total spin thus become
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S=1 for the magnetic fields between 2.2T and 6.8T, and S=2 above 6.8T.

(a) (b)

Figure 1.2: (a) Crystal structure of Fe4 with iron ions depicted as large orange spheres.

The arrows denote the relative orientations of the magnetic moments of each iron ion in

the S = 5 ground state. [7] (b) Fe4 Zeeman diagrams calculated for θH = 0°(blue) and

45°(red) [9]

(a) (b)

Figure 1.3: (a) Crystal structure of Cr8Cd [10]. Colors: Cr = large green spheres, Cd =

pale blue, F = yellow, O = red, C = black and N = blue. H atoms omitted for clarity.

(b) Zeeman Diagram calculated for Cr8Cd at θ= 0°

The presence of excited states [6] from one side, could represent a limit, since if

the temperature is not sufficiently low compared to the energy splitting between the

fundamental levels and excited states, undesired occupation of such states could occur,

generating an error in quantum algorithm (leakage). From the other side, excited states

can be treated as auxiliary levels increasing the potentiality of the quantum computation.

Recently a potentially powerful alternative to encode quantum information have been

submitted and consists by the control of spin chirality by means of oscillating electric fields

[36]. This last modality can be accomplished sintetizing nanomagnets with structures as

triangles or rings that exhibit chiral spin texture.
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1.3 Planar Resonators Applications

Planar resonators are circuits that permit internal resonant oscillation of electromagnetic

waves at specific frequencies, which characteristics can be determined setting the dimen-

sions in a single plane. Working on a single plane means an easy fabbrication using

photolitography or photoetching techniques, therefore planar resonators are widely used

in different fields, from RF filters and oscillators to devices for quantum optics and quan-

tum computation. Here I’ll present the most interesting application of planar resonators

to nanomagnets.

1.3.1 Planar resonators as antennas

The simplest application is the microstrip antenna that, at the microwave (MW) fre-

quencies can be used to enhance tunneling transitions between spin levels in a molecular

magnet. [14]

Coupling the antenna with an Hall magnetometer, it’s possible to study the effects of the

microwave absorption in the sample magnetization curve [24,25]. With a similar system

it’s also possible to study the spin relaxation processes sending a pulsed MW signal and

studying, with a magnetometer, the dynamic of the sample magnetization [26].

Photon induced spin transitions

It’s possible to observe quantum tunneling of the magnetization by applying a static

magnetic field along the easy axis of the sample with a non negligible transverse compo-

nent [25]. The transverse component of the field lifts the degeneracy of the spin states

by an energy Δ leading to a superposition of spin up |↑〉 and spin down |↓〉 projec-

tions. Photon induced quantum tunneling transitions (PIQT) between symmetric and

antisymmetric states can be enabled exciting the sample with a microwave magnetic field

of frequency f=Δ/h [25] (see Fig.1.4).

Figure 1.4: Spin states degeneracy with (dotted line) and without (solid line) the trans-

verse component of the static field.
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In presence of PIQTs, peaks and dips in the magnetization curve at opposite polarities

of the longitudinal field are expected [14, 24, 25]. In order to be sure that the variation

of the magnetization curve aren’t due to temperature variations, it’s necessary a good

thermalization of the experimental system.

Spin dynamics

Spins relaxation processes can be investigated in order to study the decoherence times

of the induced spin states [26, 37]. By applying a microwave pulse and registering the

evolution of the Hall voltage time (i.e. the magnetization relaxation), the characteristic

relaxation times of the processes can be determined, as shown in Fig.1.5. The lenght of

the microwave pulse is of the order of ten mS and the frequency must be set to the energy

value that correspond to a spin level transition.

Figure 1.5: Magnetization relaxation curve

From the magnetization relaxation curve it’s possible to obtain the characteristic

relaxation times for the spin ensemble under investigation [26]. The magnetization M(t)

curve has an exponential behaviour that can be expressed as:

M(t) = M0 −∆M1e

(

− t
τshort

)

−∆M2e

(

− t
τlong

)

(1.1)

where τlong is related to the spin-phonon relaxation process, that consists in the con-

version of the Zeeman energy in crystal vibration energy. The interaction involved are

the spin-phonon direct interaction, Raman , Orbach, an the phonon bottleneck [26].

τshort is, instead, the typical relaxation time for cross relaxation, that includes the spin

flip-flop and the spin diffusion processes. The τshort is indicative of the spin quantum bits

decoherence time [26].

To study the characteristic spin diffusion times and excites states lifetime, hole burn-

ing [26] and pump probe experiments [38, 39] can also be set up.
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1.3.2 Planar resonators for EPR

Since the electron magnetic moment is larger than that of the nuclei, precession frequen-

cies are in the microwave regime. Planar resonators have been successfully applied for

the electron spin resonance measurements [27,28]. By fixing the microwave radiation fre-

quency and sweeping the magnetic field, every time that two adjacent levels are separated

by h̄ωres an ESR transition will be detected. Since the detector sensitivity depends on

the Q-factor, it’s possible to design high Q resonators or working at low temperatures.

1.3.3 Planar resonators for Quantum computation devices

Figure 1.6: Hybrid quantum circuit: A qubit Q (red) is capacitively coupled to a res-

onator R (blue) made nonlinear with a Josephson junction to readout its state. The bus

B(yellow) is electrostatically coupled to the qubit and magnetically coupled to NV spin

ensemble. The bus contains a SQUID that makes the resonant frequency tunable apply-

ing a flux trough an on-chip current line F (green). A magnetic field is applied along

the [111] crystallographic axis of the diamond crystal to lift the degeneracy between the

states, in order to treat the spin ensemble as a qubit memory (from [18])

Recent development of the quantum computation technology have seen the introduc-

tion of hybrid systems able to couple different qubits [15, 18, 29–31]. Using coplanar

tunable resonators as quantum bus it’s possible to transfer information between qubits

and quantum memories as spin ensembles [17].

The long term aim that I would like to realize, starting from this thesis work, is the

fabrication of an hybrid architecture able to transfer and store quantum information be-

tween a qubit and a nanomagnets spin ensemble, similarly to what has been done with

Nitrogen Vacancies (N-V) centers in diamond crystal (see Fig. 1.6). The advantage of

using nanomagnets instead of the N-V centers is that molecular spins magnetic prop-

erties can controlled in the chemical synthesis, therefore they offer the chance of using

different manipulation protocols. Another advantage is the presence of protected degrees

of freedom, such as chirality [6], that may allow the coupling of the molecular spin with
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the electric field.

As a first step, I’ve put my efforts on building an experimental setup able to show a

coupling between nanomagnets and the planar resonator. In perspective I would like to

proceed with the introduction of superconductors resonators, that present higher Q-factor

in absence of conductor losses. The insertion of SQUID [40] devices in the resonator line

will enable the communication between systems with different natural frequency.



Part I

Theoretical Aspects
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Chapter 2

Microwave Resonators

The energy scale for spin dynamic excitations is in the microwave regime, therefore the

ability of producing systems able to convert the microwave power into AC magnetic field

at the sample position becomes fundamental. To achieve this aim two different kind of

half wavelength planar resonators have been designed and realized: reflection microstrip

resonator and coplanar waveguide (CPW) transmission resonator.

Opportunely designed, those systems permit internal resonant oscillation of electromag-

netic waves at specific frequencies in the GHz range.

2.1 Microstrip Line Resonator

Figure 2.1: Microstrip Line

The microstrip line resonator [41] consists of a strip conductor λ/2 long separated by a

dielectric medium from a ground plane (Fig. 2.1). To avoid losses and reflections at the

device connections, and obtain a good resonant condition, it’s fundamental to match the

impedance between the microstrip and the microwave coaxial line (50 Ω). For this reason

a study of the microstrip line characteristics becomes very important.

The presence of the dielectric, and in particular the fact that the dielectric doesn’t fill

the air region above the strip, cause a non homogeneous distribution of the field lines,

complicating the analysis of the microstrip line.

13
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Typically the field lines are more concentrated between the substrate region and the

ground plane than in the region above the strip (Fig. 2.2). For this reason the microstrip

line cannot support a pure transverse electromagnetic (TEM) wave but, if the dielectric

is thin, it’s possible to consider the fields propagation modes as quasi-TEM.

Figure 2.2: Microstrip Line Field Profile [42]

In quasi-TEM approximation it’s possible to study the whole system considering the

strip like immersed in an homogeneous medium with an effective dielectric permettivity

satisfying the relation:

1 < εeff < εr (2.1)

Assuming the quasi-TEM approximation, the phase velocity can be expressed as:

νp =
c

√
εeffµ

(2.2)

while the wavelength λ in the microstrip line is given by:

λ =
νp

f
(2.3)

and the characteristic impedance of the transmission line is given by:

Z0 =
1

νpC
(2.4)

where C is the capacitance per unit length of the line.

2.1.1 Microstrip Transmission Line Design Formulas

Since at higher frequencies the contribution of the longitudinal field components becomes

significant, the quasi-static approximation loses accuracy and some corrections must be

introduced. Hammerstad [32] submitted a set of design equations based on conformal

mapping technique. Using the above mentioned equations, it’s possible to define the

effective dielectric constant εeff as:

εeff ≈ εr + 1

2
+

εr − 1

2

1
√

1 + 12 h
W

(2.5)
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as it can be seen, εeff depends on substrate thickness h and conductor width W.

In the same way, the geometry of the microstrip can be determined from the characteristic

impedance of the line Z0 (typically fixed at 50 Ω) and from the substrate dielectric

constant εr.

W

h
≈















8eA

e2A − 2
for

W

h
< 2

2

π

{

B − 1− ln(2B − 1) +
εr − 1

2εr

[

ln(B − 1) + 0.39− 0.61

εr

]}

for
W

h
> 2

(2.6)

where:

A =
Z0

60

√

εr + 1

2
+

εr − 1

εr + 1

(

0.23 +
0.11

εr

)

B =
377π

2Z0
√
εr

(2.7)

These equations doesn’t take in account the conductor strip thickness, but are in good

agreement with experimental results if the conditions:

t

h
≤ 0.005 , 2 ≤ εr ≤ 10 and 0.1 ≤ W

h
≤ 5 (2.8)

are satisfied.

If the strip thickness is not negligible, it’s better to introduce the effective strip width

Weff [20], where:

Weff

h
≈















W

h
+

t

πh

[

1 + ln

(

2h

t

)]

for
W

h
≥ 1

2π

W

h
+

t

πh

[

1 + ln

(

4πW

t

)]

for
W

h
≤ 1

2π

(2.9)

Valid for:

t ≤ h , t <
W

2
(2.10)

2.1.2 Microstrip Resonator Design Formula

Once that geometric parameters have been chosen to match the line impedance and

reduce undesired losses, it’s possible to obtain a λ/2 resonator setting the length of the

conducting strip equal to the half of the wavelength of the transmission line ground

mode [43]. The strip length becomes:

l =
λ0

2
=

1

2

c
√
εeffµ

1

fres
(2.11)
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Resonators Internal Quality Factor

To understand the efficiency of a resonator, the quality factor is a fundamental parameter

for the resonator that must be considered. The Q-factor is a measure of the loss of a

resonant circuit, lower loss implies an higher quality factor [42, 44, 45].

Q = ω
average energy stored

energy loss / second
(2.12)

From an experimental point of view, the Q-value correspond to the ratio between the

resonant frequency fres and full width at half-maximum (FWHM) bandwidth δf [46].

Q =
fres

δf
(2.13)

It’s possible to calculate a microstrip resonator Q-factor considering the resonator as an

open-circuited length of transmission line [42].

Such a resonator will behave as a parallel resonant circuit when the length is λ/2 or

multiple of λ/2.

Figure 2.3: Resonator Equivalent Circuit

The line has a characteristic impedance Z0, propagation constant β and attenuation

constant α.

In general, the input impedance Zin of a parallel RLC resonant circuit is:

Zin =
1

1
R
+ 1

iωL
+ iωC

(2.14)

and the complex power delivered to the resonator is:

Pin =
1

2

|V |2
Zin

=
1

2
|V |2

(

1

R
+

1

iωL
+ iωC

)

(2.15)

The power dissipated by the resistor R, is:

Ploss =
1

2

|V |2
R

(2.16)
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while the average electric energy wel stored in the capacitor C and the average magnetic

energy wmag stored in the inductor L are, respectively:

wel =
1

4
|V |2C (2.17)

wmag =
1

4
|V |2 1

ω2L
(2.18)

Then it’s possible to re-write the complex power as:

Pin = Ploss + 2iω[wmag − wel] (2.19)

In resonance wel = wmag, so:

wmag = wel → 1

4
|V |2C =

1

4
|V |2 1

ω2L
→ ω2

0 =
1

LC
→ ω0 =

1√
LC

(2.20)

From the definition (2.12) it’s possible to express the resonator Q-factor as:

Qres = ω0
wmag + wel

Ploss

= ω0
2wmag

Ploss

=
R

ω0L
(2.21)

In order to obtain an expression for R and L, the wave propagation equations for an open

circuited transmission line can be considered:














d2V (x)

dx2
− (α + iβ)2V (x) = 0

d2I(x)

dx2
− (α + iβ)2I(x) = 0

(2.22)

where α is the line attenuation, that can be separated in two different contributions, the

attenuation due to conductor loss αc and the attenuation due to dielectric loss αd

α = αc + αd (2.23)

with:

αc =

√

ωµ0

2σ

1

Z0W
(2.24)

αd =
ω0εr(εeff − 1)tanδ

2c
√
εeff (εr − 1)

(2.25)

while β is the propagation constant

β =
ω0

√
εeffµ

c
(2.26)

The wave equations solutions becomes:










V (x) = Vinc + Vrefl = e(α+iβ)x + re(α+iβ)x

I(x) = Iinc + Irefl =
Vinc

Z0

− Vrefl

Z0

=
1

Z0

[

e(α+iβ)x − re(α+iβ)x
]

(2.27)
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Giving, for an open circuited line with r=1 of length l, an input impedance:

Zin =
V (l)

I(l)
= Z0

e(α+iβ)l + e(α−iβ)l

e(α+iβ)l − e(α−iβ)x
= Z0 ctgh[(α + iβ)l] (2.28)

Substituting α and β and considering for l=λ/2 near the resonant condition ω=ω0+Δω,

the input impedance becomes:

Zin ≈ Z0

αl + i
(

∆ωπ
ω0

) =
1

αl
Z0

+ i
(

∆ωπ
Z0ω0

) (2.29)

From the input impedance definition 2.14, near the resonance condition it’s possible to

write:

Zin ≈ 1
1
R
+ 1

i(ω0∆ω)L
+ iω0C + i∆ωC

(2.30)

Since iω0C +
1

iω0L
= 0 for ω0 =

1√
LC

, one can obtain:

Zin ≈ 1
1
R
+ 2i∆ωC

(2.31)

that compared with 2.29 gives:






























R =
Z0

αl

C =
π

2

1

Z0ω0

L =
1

ω2
0C

=
2

π

Z0

ω0

(2.32)

From these expression, the resonator Q-factor can be calculated and becomes:

Qres =
R

ω0L
=

π

2

1

αl
(2.33)

Resonators Loaded Quality Factor

The unloaded quality factor Qres establishes an upper limit for the resonator performance

but, in normal conditions, the resonator stores energy that comes from an external feed

line that is coupled to the cavity through a gap. It’s necessary to introduce a quantity

that takes into account the interaction between the resonator and interfaced microwave

circuits.

Figure 2.4: Reflection Microstrip Line Resonator with external feed line and coupling gap
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The effect of the feed line can be represented by a resistive load RL, while the gap

can be represented by a coupling capacitance Ck [43, 47].

Figure 2.5: Loaded Resonator Equivalent Circuit

For this more realistic system, it’s necessary to calculate an overall Q-factor, called loaded

Q-factor QL that can be expressed as:

1

QL

=
1

Qres

+
1

Qext

(2.34)

where Qext is the contribution of the external circuit to the total Q-factor, defined as

Qext =
RL

ω0L
(2.35)

Qext can be obtained applying the Norton theorem to the loaded equivalent circuit.

Figure 2.6: Loaded Resonator Norton Equivalent Circuit

The Norton equivalent circuit can be built substituting the source voltage generator with

a current generator and the series components RL and Ck with two equivalent parallel

components R* and C* expressed as:

R∗ =
1 + ω2

0C
2
kR

2
L

ω2
0C

2
kRL

(2.36)

C∗ =
Ck

1 + ω2
0C

2
kR

2
L

(2.37)
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Since the contribution of C∗ is the introduction of a negligible resonant frequency shift,

it’s possible to omit this contribution and consider the parallel capacitance as:

C∗ + C ≈ C (2.38)

At this point the external Q-factor can be calculated ad becomes:

Qext =
R∗

ω0L∗
≈ ω0R

∗C (2.39)

Giving a total loaded quality factor

1

QL

=
1

Qres

+
1

Qext

=
2

π
αl +

1

ω0R∗C
(2.40)

When the resonator is connected to an external feed line through a coupling gap, the

capacitive contribution of the gap becomes relevant. In particular, if the coupling capac-

itance is small the total Q-factor QL is determined by the intrinsic losses of the resonator

ad its value saturates at Qres. The resonator working regime is called undercoupling

regime (Qext ≫ Qres). On the other side, increasing the coupling capacitance, the res-

onator is in the overcoupling regime (Qres ≫ Qext) and the quality factor is influenced

by the line losses and depends strongly on Ck, as shown in Fig. 2.7
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Figure 2.7: Q vs Ck for a Microstrip Resonator

It’s very important to consider this aspect during the design process, and find the best

compromise between high Q-value and good coupling with the feed line.
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(a) (b)

Figure 2.8: (a)CPW, (b)CBCPW

2.2 Coplanar Waveguide Resonator

An ideal coplanar waveguide (CPW) [22] on a dielectric substrate is a planar structure

that consists of a center strip conductor of width W, separated by a gap of width S from

two semi-infinite ground planes, running parallel to the strip, as shown in Fig. 2.8(a).

In this thesis work a slightly different version of CPW have been adopted: the conductor

backed coplanar waveguide (CBCPW), shown in Fig. 2.8(b). This kind of choice have

been made for two different reasons. First of all, since the dielectric is a bad thermal

conductor, the presence of a metallic ground plane on the back assure a better thermal-

ization of the whole structure at low temperatures.

The second reason is related to the design parameters of the CBCPW. Even if the back

conductor structure provides a lower electromagnetic emission, it’s possible to design

a good matched impedance structures without the request of high geometrical resolu-

tions. As it will be presented later, our coplanar resonators have been fabricated using

an home-made photoengraving process with a limited size resolution of 300µm. To match

the impedance and the capacitive coupling for a standard CPW resonator a better reso-

lution was required, while our limits assured a good enough fabrication for the CBCPW

structure.

For the conductor backed CPW it’s possible to extend the same approximations used

for the standard CPW without any accuracy loss [23]. The only difference is that the

waves in the CBCPW doesn’t propagate out of the back ground plane (See: Fig.2.9).

2.2.1 Conductor Backed Coplanar Waveguide Design Formulas

As written before, the geometry of the system can be calculated in quasi-TEM approxima-

tion. The design formulas presented here have been obtained by Ghione and Naldi [48],
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(a) (b)

(c) (d)

Figure 2.9:

CPW: (a)Electric Field Profile, (b)Magnetic Field Profile

CBCPW: (c)Electric Field Profile, (d)Magnetic Field Profile [23]
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using conformal mapping techniques analysis. In this case, the conductor thickness has

been neglected.

The effective dielectric constant condition 2.1 is still valid and εeff becomes:

εeff =
1 + εr

K(k′)
K(k)

K(k1)
K(k′1)

1 + K(k′)
K(k)

K(k1)
K(k′1)

(2.41)

where:

k =
W

2S +W
(2.42)

k1 =
tanh

[

πW
4h

]

tanh
[

π
2h

(

S + W
2

)] (2.43)

k′ =
√
1− k2 (2.44)

k′
1 =

√

1− k2
1 (2.45)

and K(k) is the complete elliptic integral of the first kind.

While the line impedance is:

Z0 =
60π
√
εeff

1
K(k)
K(k′)

+ K(k1)
K(k′1)

(2.46)

Using the software tool Gnuplot [49] it’s possible to compare the line parameters obtained

values with the relative geometrical parameters. As shown in Fig. 2.10, choosing the strip

width W, according to the designing request, one can obtain the gap width S value, that

meets the line matching condition Z0=50Ω.

CBCPW Geometrical Parameters for Z0 = 50 Ω
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Figure 2.10: From this diagram it’s possible to extrapolate the correct combination for

the geometrical parameters S and W to obtain a 50 Ω matched CBCPW

Looking at Fig.2.11, εeff can be obtained choosing the desired combination of W and

S parameters.



24 CHAPTER 2. MICROWAVE RESONATORS

CBCPW εeff vs Geometrical Parameters
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Figure 2.11: εeff dependance from geometrical dimension of the central conductor for a

CBCPW

2.2.2 Coplanar Waveguide Resonator Design Formulas

As seen for the microstrip resonator, it’s possible to obtain a CBCPW resonator cutting

the central strip at λ/2 length. The length of the central conductor can be calculated

using the equation 2.11, that remains still valid. The fundamental difference between

the designed CBCPW resonator and the microstrip resonator of section 2.1 is that in the

coplanar resonator is provided also of a transmission line.

Quality Factor

The resonator Q-factor is influenced by the presence of an input line (feed) and an

output line (transmission). It’s possible to describe those two contributions in the Norton

Theorem notation, represented in Fig. 2.12. R1* and C1* are related to the feed line

circuit, while R2* and C2* are related to the transmission line circuit.

Figure 2.12: Loaded CBCPW Resonator Norton Equivalent Circuit with Transmission

Line

As seen for the microstrip line, C1* and C2* contribution can be neglected, while R1*

and R2* are defined as:

R∗
1 =

1 + ω2
0C

2
kR

2
L

ω2
0C

2
kRL

(2.47)
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R∗
2 =

1 + ω2
0C

2
jR

2
L

ω2
0C

2
jRL

(2.48)

The coupling coefficient becomes:

κ =
Qres

Qext

= κin + κout (2.49)

where:

κin =
R

R∗
1

(2.50)

κout =
R

R∗
2

(2.51)

The external Q-factor Qext, becomes:

Qext =
Qres

R

R∗
1R

∗
2

R∗
1 +R∗

2

(2.52)

Since

Qres = ω0RC (2.53)

the external Q-factor can be expressed as:

Qext = ω0C
R∗

1R
∗
2

R∗
1 +R∗

2

(2.54)

The total loaded Q-factor can be calculated using the equation 2.34.

In this work, non-symmetrical coupling gaps have been used and the loaded quality factor

QL can be evaluated with respect to the input Ck and output Cj capacitance combination

as shown in Fig.2.13.

QL vs Coupling Capacitances
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Figure 2.13: Loaded Q-factor vs Feed Line and Transmission Coupling Capacitance for

a 2GHz CBCPW on FR4 dielectric substrate
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2.3 Resonant Harmonics

The designed resonator have been optimized to obtain an higher resonant response at

the fundamental resonant mode. However high order resonant modes are also supported.

In Fig.2.14 it’s possible to see the distribution of the first three resonant modes for the

electric and magnetic field inside the resonator. The solid line refers to the magnetic field,

while the dashed lines to the electric field. For a 2GHz resonator λ/2 corresponds to the

fundamental mode (red), while λ and 3/2λ correspond respectively to 4GHz (blue) and

6GHz (green) resonant harmonics. The knowledge of this kind of distribution permits

the correct collocation of the sample inside the resonator.
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Figure 2.14: Main resonant modes distribution inside a λ/2 resonator. Notice that the

magnetic field antinodes correspond to the electric field nodes and viceversa. Choosing

the sample position, it’s possible to couple the sample with the magnetic field or with

the electric field.
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2.4 Scattering Parameters

The resonators have been analyzed as they acts as components of a circuit. Since those

components are not isolated, it’s necessary to introduce some measurable parameters

to understand their behaviour inside the network. In particular the focus regards the

reflection coefficient S11 for both the resonator typologies and the transmission coefficient

S21 for the CBCPW. For this purpose the Scattering Matrix for networks analysis will

be introduced [42,50].

Figure 2.15: Schematic example of a 2-port network

Considering a 2 port network (Fig. 2.15), where V+
n refers to the amplitude of the

voltage wave incident at the n-port and V−
n relates the amplitude of the voltage waves

reflected from the n-port, the scattering matrix is defined as

(

V −
1

V −
2

)

=

(

S11 S12

S21 S22

)(

V +
1

V +
2

)

(2.55)

where:

Sij =
V −
i

V +
j

∣

∣

∣

∣

∣

V +
k
=0fork 6=j

(2.56)

In particular, the reflection coefficient (S11 parameter) can be expressed as:

S11 =
V −
1

V +
1

∣

∣

∣

∣

V +
2 =0

(2.57)

while the transmission coefficient (S21 parameter) becomes:

S21 =
V −
2

V +
1

∣

∣

∣

∣

V +
2 =0

(2.58)

In the following chapter the S-parameters measurement technique will per presented using

a suitable instrument, the Vector Network Analyzer.
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2.5 Determination of the Q-factor from the S-parameters

Resonant frequency and Q-factor can be easily determined by the S-parameters [51]. As

seen in section 2.1.2 the Q-factor can be calculated according to:

QL =
fres

δf
(2.59)

The most used methods in the determination of the loaded quality factor from S-parameters

measurement is shown in Fig.2.16.

Figure 2.16: Determination of the Q-factor from (a) S11 parameter and (b) S21 Parameter

[46]

From 1-port measurement, S11 can be determined and the quality factor can be calculated

considering the half-power width δf at a S11 value equal to [46]:

S11δf [dB] = 10log10

(

10S11b + 10S11fres

2

)

(2.60)

where S11b is the S11 value of the base line of the resonance, and S11fres is the S11 value

at the resonant frequency.

From 2-port measurement, S21 can be determined and the quality factor can be calculated

considering the half-power width δf at a S21 value equal to [46]:

S21δf [dB] = S21fres − 3 (2.61)

where S21fres is the S21 value at the resonant frequency.
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Chapter 3

Simulator

The resonators have been modeled and simulated using CST Microwave Studio®. CST is

a finite element solver for 3D EM simulation of high frequency components. Using CST

it has been possible to obtain the 3D fields profile inside the device and the S parameters.

S parameters are calculated between two ports defined by the user. Each port simulates a

infinitely long waveguide, connected to the structure at the port plane. Since the ports are

virtual objects it’s necessary choose the correct port mode before starting the simulation

and avoid the spurious one. For the same reason, the port size becomes fundamental.

The suggested dimension are five times the height of the substrate and ten times the line

width. In Fig. 3.1 the correct port modes for a CBCPW are presented.

(a) (b)

Figure 3.1: Port 1 correct mode fields profiles (a) Electric field (b)Magnetic Field

The solver used for the resonators design is the frequency domain solver. This algo-

rithm is based on the finite integration technique. The model is divided in tetrahedral

domains of different volume, depending on the resonator criticity. This operation is set by

the user that can select the mesh density and distribution, then, during the simulation,

in order to increase the results accuracy, the software adapt the mesh size and density.

In Fig. 3.2 is presented an example of a device mesh before and after the simulation.

The numerical solution is obtained with a spatial discretization of the integral Maxwell

equations in the mesh grid system, for a single frequency point. The accuracy is increased

sampling the model for different frequency points. Even if the model is solved for few

31
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(a) (b)

Figure 3.2: CST domains distribution adaptation on a CBCPW (a)before and (b) after

the simulation.

frequency point, CST uses a special broadband frequency sweep technique that permits

to derive the full broadband spectrum. To ensure the accuracy of the solution the mesh

resolution is increased and results recalculated. The simulation terminates when the

convergence criteria has been satisfied or rather, increasing the mesh, results doesn’t

change significantly.



Chapter 4

Instruments

4.1 Vector Network Analyzer

The S-parameters can be measured using a Vector Network Analyzer [52] which is a two

port channel microwave receiver designed to process the magnitude and the phase of the

transmitted and the reflected waves from the network. In operation, the RF is sweeped

over a user specified bandwidth, while a reflectometer samples the incident, reflected and

transmitted RF waves. A switch allows the network to be driven from port 1 to port 2.

An internal computer calculates the magnitude and phase of S-parameters and can derive

all the S parameters as defined below. An important feature of the VNA is the existence

of an internal calibration software that is able to reduce losses, frequency shifts and

mismatch due to the cables connected to the system of interest. The calibration process

can be made by the user adopting external standards components as Open-Circuit (OC),

Short Circuit (SC) and 50Ω Load before starting the measuring session and every time

that the frequency sweep band or the instrument sensitivity is changed.

Figure 4.1: VNA HP8753D Block Diagram [53]

33
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In Fig. 4.1 is represented the block diagram of the vector analyzer HP8753D used in this

thesis work [53]. The stimulus from 300KHz to 6 GHz is generated by a source (1) and

can be sent to the port 1 or 2 by a switch (2). The reflected signals are separated by

the incident one by a directional coupler (3) and received by a tunable detector of the

homodyne type (4). This detecting systems is used in the telecommunications technology

to improve the dynamic range and sensitivity of the receivers. It consists in a local

oscillator (5) that converts the information from RF frequency to a lower intermediate

frequency IR that can be easier processed and filtered. The LO is connected to the RF

input by a phase locker (6) to maintain the signals phase information. Once the reflected

(A), transmitted (B), and incident (R) signals are obtained, they can be converted by an

analog/digital converter (7) and digitally processed to obtain the signals magnitude and

phase information, and, obviously, the S-parameters.

The maximum number of points that can be taken in a definite frequency bandwidth is

1601. The relation between the bandwidth and the number of points taken is indicative

about the measurement sensitivity. For all the measurements done in this thesis work,

the maximum number of points (1601) have been used.

Before every measurement session and after every frequency bandwidth variation during

the data acquisition, the system has been calibrated using the OC, SC and 50Ω Load

standards kit RPC-3.50 by Rosenberger. Since the realized resonators have different

peculiarities, they have been characterized using different setups, that will be presented

in the next sections.

4.1.1 VNA Operation modes

The device under test (DUT) can be provided by only the feed line, as the microstrip

resonator, or also by a transmission line, as the CBCPW resonator. For this reason

different setups can be used for the measurement of the S-parameters with a VNA.

If the DUT has got just the feed line, it can be characterized using a 1-port mode.

This experimental option consists in a S11-parameter-only measurement obtained by the

solicitation of the device from the port 1 and the measurement of the reflected signal in

the port 1, actually excluding the port 2 of the VNA. The sample is linked to the VNA

through a low loss calibrated SMA coaxial cable, as can be seen in Fig. 4.2.

The VNA data files report only the S11 real and imaginary part. The S11 parameter

magnitude in dB can be calculated using this simple equation:

S11 = 20log10

[

√

Re(S11)2 + Im(S11)2
]

(4.1)

Notice that for the conversion in dB, the multiplicative factor 20 have been used instead

of 10 because the S-parameters refers to a ratio between voltage signals.
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For devices equipped by both feed and transmission line, S11 and S21 parameters can be

measured soliciting the DUT from the port 1 and measuring reflection and transmission

coefficient from ports 1 and 2 respectively. This working setup, shown in Fig. 4.3 is

called one path-two port mode. In order to obtain the S11 and S21 parameters, without

any loss on information, a complete 2 port measurement can also be performed, even

if the data of interest remains S11 and S21 parameters. As for the one port mode, the

S-parameters can be calculated using equation (4.1).

Figure 4.2: Simplified model for VNA 1-port measurement mode

Figure 4.3: CBCPW resonator characterization experimental setup
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4.2 Quantum Design PPMS

The PPMS (see Fig.4.4 and Fig.4.5) is a commercial system consists of a liquid 4Helium

cryostat and a programmable controller for data acquisition, that allows automated mea-

surements in a variable temperature range (1.9 400 K) and magnetic field (0-7T) [54,55].

Figure 4.4: PPMS Probe [54]

Figure 4.5: PPMS Cooling System [54]
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Inside the PPMS, the sample is isolated from the L-He bath and the heat exchange

is guaranteed by an evacuated region between them. The temperature is controlled by

the He flowing through an impedance inside the cooling annulus. Since the L-He boiling

point at atmosferic pressure is at 4.2K, lower temperatures (1.8-1.9K) can be reached by

pumping the gas above the L-He surface.

For what concern the field control, the magnet consists in a superconductive coil closed

circuit. The field intensity depends on the amount of current that flows inside the coil.

The field can be driven to a different value by opening the closed circuit of the coil, and

by setting, through an external power source, a new current value. The superconductive

closed circuit can be switched to the open circuit mode by heating a small portion of

superconductive coil with a resistive wire. The heated piece becomes non superconducting

and its resistance become quasi-infinite respect to the superconductive state, acting as

an open circuit. Once that the field has changed it’s possible to switch off the heater and

leave the magnet in persistent mode, or leave the heater on and sweep the field (driven

mode). In the first case the Helium consumption is lower than in the second one. To

avoid fringing effects, the sample must be collocated at the center of the magnetic field.
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4.3 Oxford Instruments Cryogenics Setup

The cryogenics facility consists in a L-He dewar with a tri-axial superconducting magnet

and a cryostatic insert Heliox VL, based on 3He condensation [56], able to reach a base

temperature of 300mK. In the following subsections a complete description of the setup

elements will be provided.

4.3.1 Heliox VL Cryostat

In Fig. 4.6 is reported the Heliox VL structure.

(a) (b)

Figure 4.6: HelioxVL (a)Insert structure and (b) Sample holder

In order to work, the insert must be mounted in a suitable cryostat with a bath of liquid

helium. Its shape has been designed to allow a slow insertion inside the liquid helium

dewar, thus reducing the gas losses and the formation of ice. The inner vacuum chamber

(IVC) is at the bottom of the Heliox and can be sealed by a greased cone seal. In the IVC
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are positioned all the crucial elements for the cooling procedure: the sorption pump, the

1K plate and the 3He pot. The sample is mounted on a cold finger connected to the 3He

pot. At the top of the system are positioned all the line of sight to the sample, including

the high frequency coaxial connections.

In Fig. 4.7 is represented the operation principle of the 3He refrigerator.

Figure 4.7: Schematics of the 3He refrigerator. Left: 3He condensation procedure. Right:
3He pumpingfor reaching the base temperature of 300mK. [57]

The liquid helium caught from the dewar can circulate through a capillary in a circuit

that twists the 1 K plate and the 3He sorption pump. A needle valve regulates the open-

ing of the capillary and thus the circulating quantity of liquid helium. In a separate line,

the 3He can circulate in a closed circuit that crosses the whole system from the dump

to the pot, thermically connected to the sample. The base temperature can be reached

condensing the 3He gas in the pot.

The cooling procedure starts sealing and evacuating the IVC with a rotor plus turbo pump

cascade system, reaching a rough vacuum of 10−5mbar. After this, a small quantity of
4He exchange gas is inserted in the IVC. The insertion of a right amount of exchange gas

in the IVC is fundamental for a good success of the cooling operation.

At the same time the capillarity is washed with a manual purge and seal procedure.

Leaving the capillary opened, in order to avoid the formation of ice, the insert is cooled

from room temperature by lowering it slowly into the dewar. A charcoal sorption pump

(sorb pump ”1”), inside the IVC, at high temperatures outgass, providing a thermal link

to the 3He pot in order to cool faster the sample. When the temperature goes down to

30K the exchange gas is absorbed by the charcoal traps.

When the whole insert is in equilibrium with the liquid helium in the dewar, at a

temperature of approximately 4.2K, the pressure above the 4He liquid in the 1K pot is
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lowered using a rotary pump. This reduces the temperature to 1.4K, enabling the 3He

condensation from the dump vessel. In order to avoid the 3He trapping, a sorb placed

on the 3He line (sorb ”2”) is heated to 30K. After 30 minutes the 3He is completely

condensed in the 3He pot. The second sorb heater is cooled to pump the 3He gas, thus

reducing the vapor pressure above the liquid 3He and reaching a base temperature of

approximately 300mK. The sample is cooled by a cold finger thermically connected to

the 3He pot.

The temperature is controlled in the sorb ”2” heater, in the 1K plate and in the 3He pot.

The sorb heater temperature is controlled by an Allen Bradley resistance sensor. The 1K

plate temperature is controlled by a RuO2 sensor. This sensor can measure a temperature

range from 300mK to 1.5K and is insensitive to the magnetic field, useful also during field

sweep procedures. The temperature in the 3He pot is controlled by a Cernox sensor in

the range from 1.5K to 300K, and by another RuO2 sensor for temperature below 1.5K.

Temperatures, sorb heating and needle valve aperture are manually controlled using the

intelligent temperature controller Oxford Instruments ITC503 [58].

4.3.2 Tri-Axial Magnet

(a) (b)

Figure 4.8: Oxford Instruments (a)Integra AC dewar with tri-axial magnet (b) Intelligent

controller ITC503 for Heliox VL insert, Magnets power supply IPS-120-10 and dewar L-N

and L-He level meter system Oxford ILM300 [59]
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Three superconductive coil magnets are placed long the orthogonal directions at the

base of the liquid helium dewar. The vectorial magnetic field produced along three

independend axis with a maximum value of 9T along z axis and 1T along x and y axis.

The magnets are controlled independently by three Intelligent Superconducting Magnet

Power Supply IPS-120-10 [60] (see Fig.4.8). With this system it’s possible to obtain a

maximum vectorial field of 1T in a sphere centered on the sample or, alternatively, a

maximum longitudinal field of 9 T with a 2 degrees cone around the z-axis. In this

last configuration it’s necessary calculate the field direction vector, in order to avoid the

quenching of the superconducting coils. The advantage of having a tri-axial system is the

possibility to magnetize the sample with both longitudinal and transverse field.

4.4 Hall Probe Magnetometer

The Hall probe magnetometer [61] is a device based on Hall effect. If a current flows

through a conductor thin strip and a magnetic field is applied perpendicular to the

current direction, the trajectory of the carriers is deflected by the Lorentz force. This

results in an appearance of a difference in the electric potential (known as Hall voltage

VH) at the extremes of the conductor, transverse to the current.

Figure 4.9: Sketch of the Hall effect in a conductive slab

Looking at Fig.4.9, in stationary conditions, the electrostatic field along y is such that:

eEy = evxBz (4.2)

with the current flowing along x with drift velocity vx.

The Hall voltage is thus given by:

VH = wEy = vxBz =
jx

ne
Bz = RHIBz (4.3)

where w is the width of the conductor, jx is the current density flowing along x direction,

and RH is the Hall coefficient:

RH =
1

ned
(4.4)

where d is the Hall device thickness.

The Hall voltage turns out to be proportional to the average of the external magnetic
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field and the the magnetic stray field coming from the sample in the intersection between

current and voltage leads, called active area.

The stray field is related to the sample magnetization, so the hall probe can be used for

the magnetization measurement of a magnetic object placed near the active area of the

probe, even in presence of extremely inhomogeneous field.

In order to optimize the measurement it’s necessary to place the sample as close as

possible to the active area, in fact the stray field decays rapidly with the distance (1/r3

in point dipole approximation). The background signal can be minimized orienting the

external field in the same plane of the sensor. Due to non perfect alignment, a small

perpendicular component of the external field is always present, thus, an empty reference

probe can be used.

As shown in fig.4.10, subtracting with a lock-in amplifier the Hall signal that comes from

two active zones of the same chip, one with the sample and one empty, increases the

measurement quality.

Figure 4.10: Sample mounting and contacts configuration

When the Heliox is inserted in 4He dewar, fast cooling of the hall probe will occur,

causing an undesired carrier trapping. In order to re-establish the probe, the carriers can

be regenerated by photoinduction by an IR diode mounted near the sample holder. Since

the measurement are done under MW field, the parasites current contribution have been

reduced connecting the Hall probe signals to flexible micro-coaxial cables.
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Experimental Techniques

5.1 Resonators Fabrication

5.1.1 Microstrip Resonators

The Microstrip resonators have been designed using a specific ceramic-based substrate

suitable for microwave applications Arlon AR1000 [62]. This material is characterized by

an high dielectric coefficient, that permits the reduction of the resonant device dimensions.

Another fundamental characteristic is the high stability in frequency of the εr and the

loss tangent, as shown in Fig. 5.1. A relevant problem on treating this kind of material is

(a) (b)

Figure 5.1: Arlon AR1000 (a) dielectric constant and (b) loss tangent frequency depen-

dance

the easy deperibility before the fabrication process. For this reason, the realization of the

microstrip resonators have been done referring to Baselectron [63], an Italian specialized

company on the treatment of special materials for microwave applications. In Fig.5.3 an

image of the industrially produced prototypes is reported:

43
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Figure 5.2: On the left is reported the 2GHz microstrip resonator prototype, while on

the right side is shown a 4GHz microstrip resonator prototype with Hall probe bonded

on top and connector. Notice the particular geometry of the resonator, adapted to fit

better with the Heliox VL sample holder and to assure a better thermal coupling with

the 3He pot cold finger. The resonators have been also provided with pads suitable for

bonding the Hall probe bonded contacts.

5.1.2 CBCPW resonators

I’ve fabricated the coplanar resonators at the Department of Information Engineering at

Università di Modena e Reggio Emilia laboratories, using a common glass-epoxy FR4

substrate. This material presents lower dielectric quality, but it’s cheap and easy to

process. In order to fabricate conductor backed coplanar resonator, I’ve adopted a com-

mercial double sided photo-resist board.

The simulation software CST is able to export the realized projects in gerber format,

a common file format used in PCB fabrication, so I’ve transferred the gerber on trans-

parency film using an high quality laser printer.

By using an UV exposure machine with a vacuum pump, that ensure a good adhesion

between the acrylic film and the board, the circuit design has been impressed on the

copper surface.

The resultant PCB has been developed using a sodium metasilicate Na2SiO3 standard

developer, then the copper layer outside the circuit design has been etched with a Ferric

Chloride FeCl3 bath. At the end of the procedure, the remaining photo-resist has been

removed by using acetone.

The fabricated prototypes are shown in Fig.5.3. The resonators differs by resonant fre-

quency and gap parameters.
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Figure 5.3: CBCPW resonator prototypes. From the left: mod. A, mod. B, mod. C,

mod. D

5.2 Resonators Characterization

I’ve characterized the fabricated resonators using the vector network analyzer HP8753D

provided by the Department of Information Engineering of Università di Modena e Reggio

Emilia. A first characterization consists in a room-temperature measurement of the S11

parameter for the microstrip resonator and of both S11 and S21 parameters for the

CBPCW resonator. The microstrips have been characterized using the VNA in 1-port

mode, while the coplanar resonators have been characterized using the 2-port mode. The

obtained results have been compared with the simulated ones.

Regarding to the conductor backed coplanar waveguide, I’ve fabricated three different

prototypes for each kind of resonator called prototype I, II and III. In order to verify

the reproducibility of the resonators characteristics, a comparison of the S-parameters

for each prototype has been made.

Finally, since the resonators must work at low temperature and in presence of magnetic

field, this characterization has been repeated in different environments.

5.2.1 Characterization at Low Temperatures

In a first test I’ve obtained a rough estimation of the behaviour of the resonators at low

temperatures in a Liquid Nitrogen Dewar. In this case the experimental setup remains

the same used at room temperature (see section 4.1.1), the only thing that changes is that

the DUT has been submerged inside a liquid nitrogen dewar, with the worldly wisdom of

don’t put the SMA cable inside the nitrogen bath to avoid changes of its properties and

following unwanted contributions to the measured signals.

In a second series of test, the conductor backed coplanar waveguide have been installed

inside the PPMS, allowing the resonator characterization at 12K. This was the lowest
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temperature reached during the test. It’s higher than the usual operation condition

(1.9K), because of the heat transfer from the top by the copper coaxial cable. This

thermalization problem might be solved by improving the thermal contact with the cold

walls or choosing all-stainless steel cables. Coaxial cables thermalization represent an

important problem during the preparation of the experimental setup, because they are

directly connected to the room temperature and bring an high amount of thermal power

at the sample position, many effords have been made, during the thesis work, to improve

the system thermalization.

5.2.2 Characterization under Applied Magnetic Field

Due to its lower lateral dimensions, it has been possible to test the CBCPW resonator S-

parameters dependence from the external magnetic field at 0 and 7 Tesla at 12K, inserting

the device inside the Quantum Design Physical Properties Measurements System (QD-

PPMS) (see Fig. 5.4). A representation of the experimental setup is shown in Fig. 5.5

(a) (b) (c)

Figure 5.4: (a)Quantum Design PPMS (b)Home-made low temperature probe adapted

for resonator characterization at low temperatures. (c)2GHz CBCPW resonator mounted

in the PPMS sample holder
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Figure 5.5: Experimental setup
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5.3 New experimental setup for spin dynamics ex-

periments

During the thesis work I’ve developed a novel experimental setup designed for the study

of the spin dynamics and photon induced transitions of few mg of molecular magnets.

This apparatus makes use of the Oxford tri-axial magnetic system and Heliox cryostat

(300mK). The setup is shown in Fig. 5.6.

Figure 5.6: Novel experimental setup. (HPBC stays for Hall Probe Bonding Connections)

The Heliox-VL [57] 3He cryostat is wired with suitable microwave frequency coaxial ca-

bles. The MW generator Anritsu MG3692B [64] is able to produce continuous or pulsed

RF signal in a range from 100MHz to 20GHz. The minimum supported pulse time is in

the ns range.

The sample is glued on the Hall probe magnetometer [61] in the proximity of the active

area, using a standard cryogenic grease (apiezon N). The Hall probe is, in turn, placed

on the center of a microstrip resonator where, at resonant condition, the magnetic field

intensity is maximum. The conductive pads of the Hall probe have been connected to the

ones in the sample holder using a Kulicke and Soffa Model 4123 Wedge Bonder [65]. The

sample holder is then connected to the external line circuits with flexible micro-coaxial

cables.

The Hall probe is biased with a 10 µA current provided by a current generator Keithley
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2636 [66]. The Hall voltage signal is amplified by an high speed differential amplifier NF

SA-430F5 [67] and can be sent to a lock-in amplifier SR830 [68] for the magnetization

curve measurements or, alternatively, can be registered with a fast acquisition oscillo-

scope Agilent DSO6104A [69], for the dynamic measurements.

The sample temperature is controlled by a Ge thermometer previously calibrated. Since

a static field is also applied, the Ge thermometer magnetoresistance has been also char-

acterized. Problems in sample thermalization, due to thermistor self-heating, have been

reduced measuring the Ge temperature sensor resistance with a 4 points ohmmeter HP

3478A [70] at MΩ range, reducing the current that flows in the sensor.

5.3.1 Microwave coaxial line

The Heliox insert presents two 50Ω matched coaxial cable Micro-Coax UT-85B-SS lines

from the external sight port to the 1K pot. In order to link the signal generator with

the resonator, I’ve extended the coaxial line. Since the pre-existent coaxial cables are

connected to room temperature, good thermalization and low heating transfer are re-

quested. The extension have been made using a Lakeshore CC-SR-10 semirigid coaxial

cable, suitable for cryogenic applications.

The cable could be connected to the UT-85B-SS line just trough a SMA connector.

Since the semirigid cable has an external diameter of 0.51mm and a central conductor

of 0.1143mm, the SMA connection results really problematic since no suitable SMA con-

nectors have been found for those thin cables. For that reason I’ve made a mechanical

connection between the SMA and the semirigid cable.

The line losses and the internal reflections due to not well matched connection restrained

the chance of observing the resonant peak of the microcoaxial resonator, as can bee seen

in Fig.5.7

For that reason I’ve tested the line in transmission, using the Anritsu MG3692B Signal

Generator [64] as source and measuring the output signal with the Anritsu Spectrum

Master Analyzer MS2721A [71]. As can be seen in Fig. 5.8 at 2GHz the measured line

loss is of -20dB. Even though the line losses are high, this measurement confirmed that

the signal could reach the resonator. Verified that, since for this setup the S-parameters

measurement is not requested, the impossibility of measure the S11 parameter of the

resonator doesn’t represent a problem.
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Figure 5.7: Microstrip resonator mod.A S11 parameter comparison between direct con-

nection and Heliox insert extended line connection.

Figure 5.8: Heliox line analysis in transmission.

In order to understand if, despite the losses, the resonator is able to emit a right amount

of signal, I’ve set up a rough antenna test. Leaving the IVC of the Heliox insert opened,

and sending a microwave signal to the resonator connected to the insert coaxial line, the

resonator emitted signal has been received for different distances by a twin microstrip

resonator. The measurement results are presented in Fig. 5.9
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Figure 5.9: Microstrip antenna spatial propagation

As it’s possible to notice, at the resonant frequency an emitted signal can be received by

a microstrip antenna at a distance of more than 1 meter. Out of resonance the distance

decreases more rapidly. This measure confirmed that some signal emitted by the MW

generator reaches the resonator inside the IVC.

From this test results another problem emerged. This strong propagation of the signal

from the resonant antenna could represent a big problem when the IVC is closed. Since the

chamber walls are conductive, the emitted signal could trigger many internal reflections

disturbing the measurement, making necessary the realization of an anti-cavity to screen

the undesired signals.

5.3.2 Thermalization

The modification of the setup for spin dynamics measurements required the addition

of different high frequency and low frequency cables and connections. Moreover the

resonator substrate represent a non negligible thermal load. The presence of the ground

plane directly connected to the cold finger of the IVC helps the resonator thermalization.

Different cooling sessions have been made in order to find the right amount of exchange

gas that can guarantee a good thermalization.

In fig. 5.10 is presented the procedure of a successful cooling session that I’ve made

during the last period of my thesis work.
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Figure 5.10: Successful cooling session report

Notice that, due to the microwave power inserted in the chamber for the measurements,

the sample temperature has increased of approximately 130mK with respect of the base

temperature (300mK). This heating could be partially reduced using pulsed microwaved

also for the magnetization measurements [26, 37].
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5.3.3 Hall probe magnetometer dynamic characterization

In order to study dynamic phenomena using an Hall probe magnetometer, it’s necessary to

proceed with a preliminary dynamic characterization of the Hall probe and to understand

how the probe and its connections influence the measurements [26].

For this reason I’ve prepared an experimental setup for the measurement of the Hall

probe relaxation time, referring to the setup made by Stephan Bahr during his PhD work

in Grenoble [26].

Sending a 100ns MW pulse to the probe, and measuring the Hall voltage time evolution

with the oscilloscope, it’s possible to verify if the Hall probe is coupled with the resonator.

In presence of coupling a coherent variation in the Hall voltage after the pulse is expected.

From the measure of the relaxation time τHall (see Fig. 5.11) it will be also possible to

know the time resolution of the whole system for spin dynamics experiments.

Figure 5.11: Expected relaxation curve for an Hall probe. The typical relaxation times

are in the order of 300 ns [26]
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5.4 Spin ensemble - CBCPW resonator coupling

I’ve done a preliminary test to observe a coupling between a spin ensemble and a res-

onator, measuring the transmission spectrum of a CBCPW resonator (mod.A) with two

different magnetic samples (Fe4 and Cr8Cd) placed on top. As it will be demonstrated in

the resonators characterization measurements (see section 7.3), the resonator transmis-

sion coefficient S21 doesn’t change significantly with the magnetic field. For this reason,

in absence of coupling between the resonator and the sample no variation of the S21

parameter is expected.

In presence of coupling between the resonator and the molecular spin ensemble, a clue of

anti-crossing in the S21 spectra is expected [17].

The experimental setup used for this test is the same used for the characterization

of the CBCPW in magnetic field (see Fig. 5.5), the only difference is the presence of a

molecular magnet sample on the resonator. As shown in Fig. 5.12 the magnetic sample

has been collocated on the border of the central strip near the coplanar gaps where,

according to the simulation results, the magnetic field should be maximum. The external

field have been applied tangentially to the resonator, along the easy axis of the sample.

Figure 5.12: Magnetic sample collocation on the CBCPW resonator

This measurement sessions has been a first test, in which it has not been possible to

accomplish all the experimental requests. As seen in section 5.2.2 all the coaxial cables

connected to the resonator weren’t suitable for obtaining a good thermalization of the

whole system at low temperatures. The minimum temperature reached has been of 12K,

instead of the 1.9K that can be achieved with the PPMS.
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Chapter 6

Resonators Design and Simulation

Results

In this chapter design and simulation results for six different resonators are reported. The

fundamental parameters have been obtained using an home-made Python [72] script that

calculates the equations presented in Chapter 2. After this first rough design session, the

resonators have been drawn and simulated using a software tool for called CST Microwave

Studio® [33].

6.1 Parameters Calculation

In order to solve exactly the equations for εeff , Z0 and the resonator internal Q-factors,

and to obtain the whole parameters for the resonators, an home made script in Python

language have been created (see Appendices A and B).

Unfortunately, it has not been possible to implement a software able to calculate the gap

capacitance, since it’s really difficult for the chosen gap geometries [73–75], therefore the

loaded Quality factor QL cannot be predict before the simulation step.

This problem may be accomplished by dedicated finite elements simulations.

In Table 6.1 the complete set of parameters for two microstrip resonators and two

CBCPW resonators is shown. Each resonator differ from the typology, the resonant

frequency and the Q factor.

6.2 Coupling gaps design

Since the fundamental geometrical parameters have been calculated before, a big part

of the simulation work have been dedicated to improve the resonators Q-factor, and to

obtain the best coupling conditions with the external lines. The difficulties encountered in

57



58 CHAPTER 6. RESONATORS DESIGN AND SIMULATION RESULTS

Table 6.1: Resonators parameters

Type Frequency [GHz] W [mm] S [mm] l [mm] εeff Qres

Microstrip 2 1.59 - 28.88 6.75 180.8

Microstrip 4 1.59 - 14.44 6.75 210.8

CBCPW 2 2.70 1.21 42.67 3.09 41.0

CBCPW 3 2.70 1.21 28.44 3.09 41.8

this process are correlated with the limited resolution of the lithographic techniques. For

the Microstrip Resonator, the resolution was of 200 µm while, for the CBCPW resonator,

was of 500 µm in first instance, then improved to 300 µm.

In order to obtain the gap capacitance value that gives high Q-factor and S-parameters

amplitude, a first gap distance scan have been made using a parallel-shaped gap. In Fig.

6.1 and Fig. 6.2 the dependance of S11 and S21 parameters from a parallel plates gap

distance are reported.

Figure 6.1: Feed line gap dependance of S11 parameter for a 3GHz CBCPW resonator.

On the right the resonant frequency and Q-factor dependance from the gap size are

reported. Lines are guides for the eyes.

As can be observed both gap capacitance affects strongly the S-parameters Q-factor

and amplitude. The feed line coupling affect also the resonant frequency, so a post-

simulation correction for the resonator length has been taken into account.

The optimized gap distances are far from the fabrication resolutions. In order to increase

the gap capacitance, different gap shapes have been designed modifying the capacitor

area, while leaving the distance at the minimum value. In Fig. 6.3 the adopted gap

structures are reported.
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Figure 6.2: Transmission line gap dependance of S21 parameter amplitude for a 3GHz

CBCPW resonator. On the right the resonant frequency and Q-factor dependance from

the gap size are reported. Lines are guides for the eyes.

(a) (b) (c) (d) (e)

Figure 6.3: Gap structures for microstrip resonator: (a) out of strip parallel plate type

for 2GHz model and (b) in-strip parallel plate for 4GHz Model. For CBCPW: (c) feed

line grid gap 300 µm resolution, (d)feed line grid gap 500 µm resolution, (e) transmission

line in strip parallel plate gap

6.3 Simulation Results

The simulated results are in good agreement with the calculated parameters. The simu-

lated parameters for the six different designed resonators are reported in table 6.2. It’s

possible to observe that resonators with similar shape but different size resolution produce

completely different results. Indeed, as shown in section 6.2, the gap size can strongly

influence the S-parameters.

Table 6.2: Simulation Results

ID Feed Gap Type Resolution [µm] fres [GHz] S11min [dB] S21max [dB] QL

Microstrip A a 200 2.0379 -18.0062 - 57.6

Microstrip B b 350 4.2806 -30.8099 - 44.8

CBCPW A d 300 2.0187 -25.7858 -11.7259 12.3

CBCPW B c 500 2.0265 -10.4774 -14.0675 26.7

CBCPW C d 300 3.0415 -12.4448 -10.6027 8.4

CBCPW D c 500 3.0521 -24.8037 -12.5305 18.9
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See e.g. the microstrip A resonator and CBCPW A resonator S-parameters that are

reported respectively in Fig. 6.4 and 6.5.

Figure 6.4: Simulated S11 parameter for 2GHz microstrip resonator

Figure 6.5: Simulated S-parameters for 2GHz CBCPW resonator

Such devices present high Q factor at the resonant frequency, but also the respec-

tive harmonics peaks are narrow, allowing experiments at higher frequencies than the

fundamental one. Fig. 6.6 and Fig. 6.7 show the electric and magnetic simulated field

distributions for the resonant frequency and for the first two harmonics.

As it can be seen, for the resonant harmonics at λ/2 and at 3/2 λ, the magnetic
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(a) λ/2 = 2GHz (b) λ= 4GHz (c) 3/2 λ= 6GHz

(d) λ/2 = 2GHz (e) λ= 4GHz (f) 3/2 λ= 6GHz

Figure 6.6: 2 GHz λ/2 Microstrip resonator mod.A electric and magnetic fields simulated

profiles. Notice that the presence of the Hall probe connection pads doesn’t influence the

resonator operation. The field intensity values refers to a distance of more than 100µm.

field anti-node is at the center of the resonator, while for the λ harmonic the H field

anti-nodes are at the external borders. These observations must be taken into account

during the nanomagnet placement, in order to select the kind of sample excitation, either

of electric or magnetic type.
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(a) λ/2 = 2GHz (b) λ/2 = 2GHz

(c) λ= 4GHz (d) λ= 4GHz

(e) 3/2 λ= 6GHz (f) 3/2 λ= 6GHz

Figure 6.7: 2 GHz λ/2 CBCPW resonator mod.A electric and magnetic fields simulated

profiles. The field intensity values refers to a distance of more than 100µm.

In Fig. 6.8 are reported the section profiles of the magnetic field for the microstrip

resonator and the CBCPW resonator.
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Figure 6.8: Magnetic field section profile at 2GHz for (a) Microstrip Resonator mod. A

and (b) CBCPW resonator mod. A. Both profiles are consistent with the expected one

(cfr with Figures 2.2 and 2.9). The microstrip resonator maximum field strenght is of

32 Oersted and is localized in the first few µm in the strip border. A similar situation

is shown for the CBCPW resonator, where the maximum field strength is of 13 Oersted.

Those values are consistent with the literature [34].
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Chapter 7

Experimental Characterization of

Resonators

7.1 Resonators characterization results

After the fabrication process, the resonators have been characterized to understand their

behaviour in the experimental conditions. In table 7.1 are reported the resonators char-

acterization results. The obtained results are in good agreement with the simulations

Table 7.1: Experimental Results

ID fres [GHz] S11min [dB] S21max [dB] Q

Microstrip A 2.074 ± 0.003 -20.47 ± 0.01 - 56 ± 1

Microstrip B 4.290 ± 0.003 -30.14 ± 0.01 - 43 ± 1

CBCPW A 2.019 ± 0.003 -25.79 ± 0.01 -12.40 ± 0.01 20 ± 1

CBCPW B 1.989 ± 0.003 -8.55 ± 0.01 -14.79 ± 0.01 37 ± 1

CBCPW C 3.013 ± 0.003 -8.74 ± 0.01 -10.40 ± 0.01 12 ± 1

CBCPW D 3.031 ± 0.003 -30.36 ± 0.01 -16.50 ± 0.01 22 ± 1

(see Table 6.2).

For the microstrip resonator, in Fig. 7.1 it’s possible to see that there’s a not negligible

shift in the resonant frequency. This could be due to tolerance errors in the resonator

length, that can be slightly different from the simulated one.

For what concern the CBCPW resonators, comparing the reported data with the simula-

tion results (see table 6.2), it seems that the fabricated resonators have a bigger Q-factor

and S-parameters amplitude. As it’s possible to notice in Fig. 7.2 and 7.3 the resonant

65
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Figure 7.1: Microstrip resonator mod.A measured and simulated S11 parameter

peak at the fundamental frequency is not unique but it’s splitted in two adjacent peaks.

The presence of this splitting is due to the shape of feed line coupling gap. The presence

of the grid doesn’t ensure a unique length for resonator, indeed it introduces two different

lengths: l, the designed one, and l+Δl, where Δl is the grid prong length. This behaviour

is exasperated for higher harmonics frequencies, that are more sensitive to the resonator

length.

Figure 7.2: CBCPW resonator mod. A measured and simulated S-parameters at 2GHz.

Notice the presence of a small second resonance peak at 2.25 GHz.
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Figure 7.3: CBCPW resonator mod. A measured and simulated S11 parameter at 4 GHz.

Notice that the peaks splitting in the measured parameter is more evident.

7.1.1 Reproducibility

The reproducibility of the home-made CBCPW resonators have been tested. As can be

seen in Fig. 7.4, the S parameters are well reproducible. The Q value presents slight

differences, since it’s strongly dependent on the line coupling gaps, that represents the

most critical point in fabrication resolution. In consideration of that also the resonators

reproducibility is compatible with the resolution imposed by the fabrication process.

Figure 7.4: S-parameters spectrum for 3 different prototypes of the 2GHz CBCPW res-

onator mod. A S-parameters
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7.2 Temperature dependance

The temperature dependance for the microstrip characteristics is reported in Fig. 7.5. As

it possible to notice, at low temperatures the Q-factor is higher, while the S11 parameter

absolute amplitude decreases approximately of 2 dB. At 77K the resonator maintains

its fundamental characteristics, indicating that it can guarantee its functionality also at

experimental conditions.

Figure 7.5: Temperature dependance for microstrip resonator mod. A

The CBCPW shows a quite different behaviour at low temperatures, as can be seen

in Fig. 7.6. While the low temperature Q-factor increases (Fig. 7.7(a)), the 2GHz S11

peak decreases considerably at low T (Fig. 7.7(b)). This represents an experimental issue

that must be investigated. This unexpected behaviour might be correlated to a connector

instability at low temperatures, maybe due to the soldered contacts. As reported in Fig.

7.8 and Fig. 7.9 the soldered SMA contact provokes a drop in S parameters also at low

temperatures, but this is not sufficient to demonstrate the 2GHz S11 amplitude drop.
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Figure 7.6: S11 parameter temperature dependance for 2GHz CBCPW resonator mod.

A

(a) (b)

Figure 7.7: Q-factor and S-parameters temperature dependance for a 2GHz CBCPW

mod. A. Lines are guides for the eyes.

To better understand the reasons of this unexpected drop for the 2GHz peak, a sim-

ulation of the behaviour of the resonator for different values of the εr and of the loss

tangent have been made and are shown in Fig.7.10. From these simulations emerges that

a change of the substrate εr influences the resonator Q-factor and the resonant frequency

peak, but the losses are negligible. Meanwhile the loss tangent influences the S11 parame-

ter amplitude. In addition, for low tanδ values the fundamental 2GHz peak is attenuated

more than its harmonics. In the simulated data, for tanδ= 0.0028 the S11 parameter am-

plitudes becomes: S11(2GHz) ≈ 6.7 dB and S11(4GHz) ≈ 10.2 dB. A similar condition

is verified for the measured S11 parameters for the CBCPW at 12K, where: S11(2GHz)

≈ 6.61 dB and S11(4GHz) ≈ 10.60 dB.
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Figure 7.8: Connectors influence on CBCPW resonator mod. A S-parameters at 2GHz

Figure 7.9: Connectors influence on CBCPW resonator mod. A S-parameters at 4GHz

The simulation results dispel any doubt about the 2GHz peak attenuation. The materials

used for the substrate is an economical FR4 that cannot guarantee its loss characteristics

at low temperatures, differently from the the Arlon AR 1000 used for the microstrip that

doesn’t cause any problem.
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(a) (b)

Figure 7.10: Simulates S11 parameter dependance from substrate (a) dielectric constant

and (b) loss tangent

Since this problem emerged just for the 2 GHz peak, it has been possible to use this

resonator for the experiments exploiting the high frequencies harmonics, especially the

harmonic at 6 GHz that, according to the simulation results, present a magnetic field

maximum at the same position of the fundamental resonant frequency.
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7.3 Characterization in Magnetic Field

Using the Quantum Dynamics PPMS measurement system magnetic field, it has been

possible to test the CBCPW immersed in a static field of 7 Tesla applied along the

resonator tangential axis. As can been seen in Fig. 7.11 and 7.12 there is no significant

variation of the resonator parameters in presence of the magnetic field. No resonant

frequency shifts are reported, just a small variation of the S-parameters amplitude for

the higher frequency harmonics. This behaviour suggests that the resonator features are

just slightly affected by the application of the external magnetic field. In loaded cavity

experiment, the variation of the response of the resonator for different magnetic fields, in

particular the shift of the resonance peak, can thus be ascribed to an effect of the sample

properties.

Figure 7.11: CBCPW resonator S-parameters in magnetic field at 2GHz

Figure 7.12: CBCPW resonator S-parameters in magnetic field at 6GHz
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Resonator and Spin Ensemble

Coupling Test Results

8.1 Experimental Results

Here are reported the results of the first test on spin ensemble-resonator coupling. In

Figures 8.1 is reported the comparison between the resonator S21-parameter, measured

at 12K with an applied static field of 7 Tesla, for the empty resonator, and with Fe4 or

Cr8Cd samples on top. It’s possible to note a very different behaviour of the transmission

coefficient for those different situations. In particular, in presence of the Fe4 sample, a

peak appears in the S21 spectra at 2.68GHz.

The most interesting situation can be observed for the 6GHz resonant mode (Fig. 8.2).

In the S11 spectra, the empty resonator and the Cr8Cd show different amplitudes but a

similar behaviour in frequency with the peak at 5.8GHz. Meanwhile the Fe4 5.81 GHz

peak is splitted in two.

In order to understand the behaviour of the 6GHz peaks for the CBCPW with the

Fe4 sample on top, the S-parameters spectra have been measured for different values of

the static field applied. The results are shown in Fig. 8.3 and 8.4. It’s possible to note

that for both the spectra, there’s an evolution of the peaks with the applied magnetic

field.

The evolution of the resonant frequency of the two peaks with the magnetic field have

been extrapolated and is shown in Fig.8.5. The resonant frequency is proportional to the

applied field, in the uncertain limits.
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Figure 8.1: Comparison between resonator S21-parameter without sample, with Fe4 and

with Cr8Cd near 2GHz

Figure 8.2: Comparison between resonator S11-parameter without sample, with Fe4 and

with Cr8Cd near 6Ghz

8.2 Results Discussion

The comparison between the S-parameters spectra in presence of different samples (Fig-

ures 8.1 and 8.2) leads to the conclusion that the presence of a magnetic sample pertur-
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Figure 8.3: S11 parameter measured near 6 GHz for the 2GHz CBCPW resonator with

Fe4 sample on top.

Figure 8.4: Differential S21 parameter, calculated to show better the S21 peaks evolution

subtracting the empty resonator S21 parameter spectra

bates the cavity modes, and different samples gives different contributions. This could be

correlated with a variation of µ and ǫ in presence of the sample, that modifies the wave

propagation inside the cavity, in analogy with experiments of permettivity measurement

with cavity perturbation [76].
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(a)

(b)

Figure 8.5: 6GHz Resonant peaks evolution with the magnetic field for the resonator

with Fe4 sample on top. The error bar have been evaluated considering the instrument

sensitivity.

Applying a static field to the sample, it’s possible to observe variation in the S-parameters

(Figures 8.3 and 8.4). The frequency shift in the resonant frequency that is tendentially

linear with the field 8.5. For the first peak the evolution is less smooth, probably because

the magnetic structures involved are more complex, and it’s possible that this behaviour

is generated by a many levels contribution.
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Conclusions

Six resonators, two reflection microstrip resonators and four conductor backed copla-

nar waveguide (CBCPW) transmission resonators, with different resonant frequency, size

resolution and Q-factor have been designed and simulated. The fabrication process have

been done by litographic techiques, using different substrate materials.

The devices have been tested using a Network Vector Analyzer. The room temperature

characterization confirmed the simulated results. All the produced resonators are well

reproducible and show higher resonant harmonics beyond the fundamental one.

Two different experimental setup for measurements at low temperature in presence of

magnetic field have been installed. Many efford have been made to obtain a good ther-

malization of the sample in presence of microwave power. In a first setup, the microstrip

resonators are coupled with an Hall probe for measurement of sample magnetization

relaxation and photon induced spin transitions in a 3D static field. The system thermal-

ization have been tested successfully and a new implementation of micro coaxial cables

to the Hall probe conductive paths, able to obtain a less noisy measurement of the Hall

signal dynamics, represent a good starting point for the tests scheduled in the near future.

It has also been demonstrated that the microstrip resonator, mounted inside the cryostat

vacuum chamber and connected with suitable coaxial cables for cryogenic measurements

to the MW generator, works well despite the strong line losses.

The transmission resonators have been used to test the cavity-spin coupling with Fe4 and

Cr8Cd molecular magnets inside the PPMS measurement system at 12K in presence of

magnetic field.

From the obtained results emerged a different behaviour of the resonator depending on

the molecular magnet inserted in the cavity. For the Fe4 it has also been possible measure

particular structures in the resonator transmission parameter, that evolves linearly with

the external static field. It’s necessary to proceed with more test at lower temperatures to

confirm the obtained results. I also intent to proceed adopting different samples as Cr8Cd
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or Cr8Zn, that shows anticrossing at lower magnetic field than Fe4, for the fundamental

levels.

Few problems have been encoutered during the measurements set up. For what con-

cern the behaviour of the CBPCW resonators at low temperature, an unexpected loss

at the resonant frequency occurred. From subsequent simulation, emerges that the FR4

substrate used for those resonators changed drastically its losses characteristics at low

temperature, producing the unexpected result.

For the next future better quality resonators can be produced, characterizing pre-emptively

the behaviuor of the FR4 substrate at low temperature and designing the resonators with

a new set of loss parameter. Furthermore, due to the coaxial cables materials and dimen-

sion used in a first resontator-spin coupling test, thermalization problem occurred and

the measurement have been done at 12K instead of the base temperature. For the next

future it’s necessary improve the thermalization of the sample, adopting just UT-85 steel

coaxial cables, and repeat the tests.



Appendix A

Microstrip Resonator Calculator

Figure A.1: Flow Chart of the microstrip parameters calculator script

In Fig.A.1 is reported the flow chart of the Python script for the calculus of the mi-

crostrip resonator parameters. Giving the substrate data and the resonant frequency, this
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software is able to calculate the microstrip line εeff and the strip width Weff . Moreover

it calculates the resonator lenght l, losses α and the internal Q-factor.

Here follows the the complete Python script list:
#!/ usr / b in / python

#NANOMAG−S3 UNIMORE: MICROSTRIP L/2 RESONATOR GEOMETRICAL PARAMETERS

#AND INTERNAL Q−FACTOR CALCULATOR (FOR PYTHON v2 . 7 . 2 )

#AUTHOR: Simone Fe r ra r i ( f e r r a r i . simone@gmail . com)

import os , sys , csv , glob , s t r i ng , re , math , mpmath , s c ipy

from s c ipy . s p e c i a l import e l l i p k

print ”NANOMAG−S3 UNIMORE: MICROSTRIP RESONATOR PARAMETERS CALCULATOR”

print ” I n s e r t 1 f o r automatic sub s t r a t e data input f o r Copper on 1 .6mm ARLON AR 1000”

print ” I n s e r t 2 f o r manual sub s t r a t e data input ”

check=0

while check==0:

s c e l t a s = input ( )

i f s c e l t a s == 1 :

h=1.6

er =10.

l o s s t =0.003

t=35.

sigma=5.813

check=1

e l i f s c e l t a s == 2 :

h = f l o a t ( input ( ” I n s e r t d i e l e c t r i c sub s t r a t e th i ckne s s in mm: ” ) )

er = f l o a t ( input ( ” I n s e r t d i e l e c t r i c sub s t r a t e d i e l e c t r i c pe rmet t i v i ty : ” ) )

l o s s t = f l o a t ( input ( ” I n s e r t d i e l e c t r i c sub s t r a t e l o s s tangent : ” ) )

t = f l o a t ( input ( ” I n s e r t s t r i p conductor th i ckne s s in um: ” ) )

sigma = f l o a t ( input ( ” I n s e r t meta l i z a t i on conduct i v i ty in 10ˆ7 S/m: ” ) )

check=1

else :

print ” Inva l i d input , r e t r y ”

check=0

f = f l o a t ( input ( ” I n s e r t resonant f requency in GHz: ” ) )

h=h∗1e−3

t=t ∗1e−6

r l =50. #e x t e r n a l c i r c u i t r e s i s t a n c e ( same f o r in e out , f i x e d a t 50 ohm)

u0=4∗math . p i ∗1e−7 #magnet ic p e rm e t t i v i t y

sigma=sigma∗1 e+7 #copper c o n d u c t i v i t y

w0=2.∗math . p i ∗ f ∗10.∗∗9

A=math . sq r t ( ( er +1 . ) /2 . )∗5 . /6 .+( ( er −1.)/( er +1.)∗(0 .23+(0.11/ er ) ) )

B=(377.∗math . p i ) / ( 2 .∗50 .∗math . sq r t ( er ) )

g1=(8.∗math . exp (A) ) / (math . exp ( 2 .∗A)−2.)

g2=(2./math . p i )∗ (B−1.−math . l og ( 2 .∗B−1.)+(( er −1 . )/(2 .∗ er )∗ (math . l og (B−1.)+0.39−(0.61/ er ) ) ) )

i f g1 <= 2 . :

M=g1

e l i f g2 > 2 . :

M=g2

else :

print”Parametric equat ion e r r o r ”

c on t r o l l o= 1/(2∗math . p i )

i f M>c o n t r o l l o :

we f f = h∗(M+(t /(math . p i ∗h ))∗ (1 .+math . l og ( ( 2 . ∗ h)/ t ) ) )

else :

we f f = h∗(M+(t /(math . p i ∗h ))∗ (1 .+math . l og ( ( 4 . ∗math . p i ∗M∗h)/ t ) ) )

e e f f =(er +1.)/2.+( er −1 . ) /2 .∗ ( 1 . / (math . sq r t (1 .+12.∗h/wef f ) ) )

l =3.∗10.∗∗8/(math . sq r t ( e e f f )∗ ( 2 .∗ f ∗10 .∗∗9) )

ac =(1 ./(50 .∗ wef f ) )∗math . sq r t (w0∗u0 / (2 .∗ sigma ) )

ad=(w0∗ er ∗( e e f f −1.)∗ l o s s t ) / ( 2 .∗3 .∗10 .∗∗8∗ (math . sq r t ( e e f f ) )∗ ( er −1.))

alpha=(ac+ad )



81

Q res=math . p i / (2 .∗ alpha ∗ l )

print ’\nResults : ’

print ’ E f f e c t i v e D i e l e c t r i c Constant e p s e f f = %.2 f ’%( e e f f )

print ’ M ic ro s t r ip width Weff = %.2 f mm’%(wef f ∗1000 . )

print ’ Centra l S t r i p Lenght l = %.2 f mm’%( l ∗1000 . )

print ’ Total Losses = %e Np/m’%(alpha )

print ’ Resonator I n t e r na l Qual i ty Factor Q res = %e ’%(Q res )

In Fig. A.2 is reported an example of the running script in Linux teminal

Figure A.2: Microstrip calculator script running in Linux terminal
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Appendix B

CBCPW Resonator Calculator

Figure B.1: low Chart of the microstrip parameters calculator script

In Fig.B.1 is reported the flow chart of the Python script for the calcolous of the mi-

crostrip resonator parameters. Giving the substrate data and the resonant frequency, this

software is able to calculate the microstrip line εeff and the strip width Weff . Moreover

it calculates the resonator lenght l, losses α and the internal Q-factor.
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Here follows the the complete Python script list:

#!/ usr / b in / python

#NANOMAG−S3 UNIMORE: SOFTWARE FOR CALCULATE CBCPW RESONATOR

#GEOMETRICAL PARAMETERS AND Q−FACTOR (FOR PYTHON v2 . 7 . 2 )

#AUTHOR: Simone Fe r ra r i ( f e r r a r i . simone@gmail . com)

import os , sys , csv , glob , s t r i ng , re , math , mpmath , s c ipy

from s c ipy . s p e c i a l import e l l i p k

print ”NANOMAG−S3 UNIMORE: CBCPW RESONATOR PARAMETERS CALCULATOR”

print ” I n s e r t 1 f o r automatic sub s t r a t e data input f o r Copper on 1 .6mm FR4”

print ” I n s e r t 2 f o r manual sub s t r a t e data input ”

check=0

while check==0:

s c e l t a s = input ( )

i f s c e l t a s == 1 :

h=1.6

er =4.3

l o s s t =0.025

sigma=5.813

check=1

e l i f s c e l t a s == 2 :

h = f l o a t ( input ( ” I n s e r t d i e l e c t r i c sub s t r a t e th i ckne s s in mm: ” ) )

er = f l o a t ( input ( ” I n s e r t d i e l e c t r i c sub s t r a t e d i e l e c t r i c pe rmet t i v i ty : ” ) )

l o s s t = f l o a t ( input ( ” I n s e r t d i e l e c t r i c sub s t r a t e l o s s tangent : ” ) )

sigma = f l o a t ( input ( ” I n s e r t meta l i z a t i on conduct i v i ty in 10ˆ7 S/m: ” ) )

check=1

else :

print ” Inva l i d input , r e t r y ”

check=0

f = f l o a t ( input ( ” I n s e r t resonant f requency in GHz: ” ) )

w = f l o a t ( input ( ” I n s e r t c en t r a l s t r i p width W in mm: ” ) )

x=w #c e n t r a l conduc tor w id th

y=0.01 # gap S temporary va l u e

de l t a =50. #d e l t a s e t s t h e Z0 r e s u l t accurancy

r l =50. #e x t e r n a l c i r c u i t r e s i s t a n c e ( same f o r in e out , f i x e d a t 50 ohm)

u0=4.∗math . p i ∗1 . e−7 #magnet ic p e rm e t t i v i t y (V∗ s )/ (A∗m)

sigma=sigma ∗1 . e+7 #copper c o n d u c t i v i t y (S/m)

w0=2.∗math . p i ∗ f ∗10.∗∗9

#the f o l l o w i n g l oop c a l c u l a t e s S from Z0 formula . The r i g h t S va l u e i s o b t a i n ed when Z0=50

while de l t a > 0 . 0 01 :

k= x /(2 .∗ y+x)

k1= math . tanh ( (math . p i ∗x ) / ( 4 .∗ h ))/math . tanh ( (math . p i / (2 .∗h ) )∗ ( y+x /2 . ) )

kp= math . sq r t (1.−k∗∗2)

k1p= math . sq r t (1.−k1 ∗∗2)

e p s i l o n e f f =(1.+( er ∗( e l l i p k (kp )/ e l l i p k (k ) )∗ ( e l l i p k ( k1 )/ e l l i p k ( k1p ) ) ) ) / ( 1 .+( e l l i p k (kp )/ e l l i p k (k ) )∗ ( e l l i p k ( k1 )/ e l l i p k ( k1p

Z0=(60.∗math . p i )/math . sq r t ( e p s i l o n e f f ) ∗ ( 1 . / ( ( e l l i p k (k )/ e l l i p k (kp))+( e l l i p k ( k1 )/ e l l i p k ( k1p ) ) ) )

de l t a=50.−Z0

y=y+0.001 #gap S temporary va l u e i s incremented u n t i l Z0=50

x=x/1000.

S=y

l =(3 .∗10 .∗∗8)/(math . sq r t ( e p s i l o n e f f )∗ ( 2 .∗ f ∗10 .∗∗9) ) #m

ac =(1 ./(50 .∗ x ) )∗math . sq r t (w0∗u0 / (2 .∗ sigma ) )

ad=(w0∗ er ∗( e p s i l o n e f f −1.)∗ l o s s t ) / ( 2 .∗3 .∗10 .∗∗8∗math . sq r t ( e p s i l o n e f f )∗ ( er −1.))

alpha=(ac+ad )

Q res=(math . p i / (2 .∗ alpha ∗ l ) )

print ’\nResults : ’

print ’ E f f e c t i v e D i e l e c t r i c Constant e p s e f f = %.2 f ’%( e p s i l o n e f f )

print ’Gap width S = %.2 f mm’%(S)

print ’ Total Losses = %e Np/m’%(alpha )

print ’ Centra l S t r i p Lenght l = %.2 f mm’%( l ∗1000 . )

print ’ Resonator Qual i ty Factor Q res = %e ’%(Q res )

In Fig. B.2 is reported an example of the running script in Linux teminal
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Figure B.2: CBCPW calculator script running in Linux terminal
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