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ABSTRACT

P rop erties

o f  M a g n e tiz a tio n  T unneling in  H igh -S p in  M olecu les  

a t Low T em p eratu re

by

Yicheng Zhong 

Thesis A dvisor: D ist. Professor M yriam  P. Sarachik

Based upon  several in teresting  experim ents, th is  thesis aims to  address some 

deeper p roperties o f Q u an tu m  Tunneling o f M agnetiza tion  in  M ni2-ace ta te , a  high- 

spin m olecular m ag et a t low tem perature. A fter a  b rief in troduction  (C h ap te r 1), I 

will show d a ta  o b ta in ed  from  Inelastic N eutron  S ca tte rin g  experim ents in  M n i2  re­

vealing th e  presence o f h igher order uniaxial an iso tropy (C hapter 2), a  te rm  central 

to  th e  discussion of th e  resu lts  presented la ter. C h ap te r 3 will deal w ith  a  s tu d y  of 

th e  m agnetic  re lax a tio n  of single crystals of M n ^  in  th e  regim e of th erm ally  assisted 

tunneling; com plex fea tu res  were found w ithin each  resonance which are  n o t fully 

understood a t th is  tim e . In  C hap ter 4 I will describe a  sensitive H all bar technique 

for m easuring th e  m ag n etiza tio n  of micron-size sam ples a t  very low tem p era tu re . I 

will presen t exp erim en ta l d a ta  of hysteresis o b ta in ed  a t tem peratu res dow n to  0.4 

K  in  M ni2 , an d  th en  in te rp re t th e  d a ta  in light o f  th e  higher-order an iso tropy and  

th e  theory  of th e  first-o rder transition  in M ni2 - A sep ara te  study  of th e  effect o f a  

transverse m agnetic  field  on th e  lineshape o f th e  N  =  0 resonance in  Mnj.2 will be 

presented  in  C h ap te r 5. I t  will help further iden tify  th e  unsolved key issues re la ted  to  

th e  tunneling  m echanism  in  M ni2. I will conclude m y  d isserta tion  w ith  a  sum m ary  

and  suggestions for fu tu re  studies in C hapter 6.
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C hapter 1

Introduction

Q uantum  tunneling of m agnetization (Q T M ) has been an  active a rea  o f extensive 

theoretical and experim ental research for m o re  than  a  decade. T he  strong  in terest 

in m acroscopic m agnetization tunneling, in w h ich  a  large m agnetic m om en t (S' >  1) 

tunnels quantum -m echanically between its classically  s tab le  m agnetic configurations, 

stem s from its im portance as a fundam ental p ro b lem  in physics, and th e  p o ten tia l for 

applications. From a fundam ental point o f v iew , physicists are fascinated  b y  obser­

vations of quantum  m echanical processes th a t  .are m anifested on a  m acroscopic scale, 

such as superconductivity, superfluidity and  th e  laser. Leggett and  his co-workers 

pointed out in the 19S0s th a t a  macroscopic o b je c t w ith  m any m icroscopic degrees 

of freedom could behave quantum  m echanically  provided it is sufficiently decoupled 

from its environm ent [1, 2, 3]. In m agnetism , a single-dom ain partic le  consisting of 

a  large num ber of atom ic spins coupled s tro n g ly  a t low tem peratu res has been  con­

sidered a  candidate for the study of behavior t h a t  is borderline betw een classical and 

q uan tum  physics [4]. From the point of view o f  applications, the stu d y  o f m agnetic 

tunneling is im portan t for understanding th e  u ltim a te  (quantum ) lim ita tions on the 

size o f an individual m agnetic m em ory unit, and. i t  m ay also hold prom ise for quan tum  

com putation [5].

1
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2

E arlier investigations of m agnetization  tunneling  in  nanom agnets were com pli­

ca ted  by  difficulties in p roducing  system s of sm all an d  identical m agnetic partic les. 

Size, shape and orientation d istribu tions usually resu lt in an  averaged effect w hich 

m akes rigorous comparison w ith  theory difficult [6]. M olecular chem istry suggested 

a different approach to grow well defined m agnetic clusters of m etal ions w hich 

are  nom inally  identical and  regularly  arranged on a  c rysta l lattice. To d a te , th e  

best known systems of this k ind  are M ni2-aceta te  [7] ([M n ^ O ^ C C H a C O O )^ ^ © ),!]-  

2 CH 3 C O O IT 4 H2 O), hereafter referred to sim ply as M n i2, an d  ([Fe80 2 (O H )i2(ta cn )6]8+), 

generally  referred to as Fes [8]. These m onodispersed system s provide a  unique lab­

o ra to ry  for th e  study of Q TM , since they can be well characterized, leaving no room  

for a rb itra ry  free param eters.

A n im p o rtan t milestone in  th e  study of QTM  was achieved when F riedm an et 

al. found compelling evidence of spin tunneling in M n i2- T hey  discovered a  series 

of n early  equally spaced steps in  th e  hysteresis loops o f an  oriented pow der sam ple 

below th e  blocking tem pera tu re  of about 3 K [10], which th ey  a ttrib u ted  to  “th erm ally  

assisted  tunneling” of the  m agnetization [11]. These resu lts were soon confirm ed in 

studies o f single crystals of M ni2 [12]. Sim ilar steps have subsequently  been found 

in  th e  hysteresis of several o th e r m aterials including Fe8 [13].

In  th is dissertation, I will p resent experim ental d a ta  on M n12 which reveal richer 

features of this fascinating system . Most of the resu lts can be explained in  te rm s 

of a  h igher order uniaxial anisotropy term  in the S  =  10 sp in  H am iltonian of M n i2 

which produces a  slight difference in  m agnetic fields for different pairs of levels com ing 

into resonance. A detailed investigation of the dom inant tunneling  p a th  a t various 

tem p era tu res  shows an ab ru p t transition  between th e  regim es of therm ally  assisted
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tunneling  an d  ground s ta te  tunneling , as suggested by a  recent th eo ry  of Chudnovsky 

and  G aran in  [14].

In  th e  rem ainder of this ch ap te r, I  will first provide relevant background inform a­

tion  on M n i2 , focussing on recent work in characterization of th e  system ; I  will then  

review  th e  concept of therm ally  assis ted  m agnetization tunneling  w hich will serve as 

a  basis o f discussion of work p resen ted  la te r  in this thesis. I will conclude this chap­

te r  by exam in ing  an interesting prob lem  studied theoretically  by Chudnovsky and 

G aran in  concerning the ab ru p t o r continuous natu re  of th e  tran sitio n  of a  system  of 

spins from  therm ally  assisted to  p u re  q u an tum  tunneling.

T he o th e r parts of the  m anuscrip t are organized as follows: in  C hapter 2 I  will 

show d a ta  ob tained  from Inelastic  N eu tron  Scattering experim ents in  M ni2 - These 

studies revealed the presence of h igher order uniaxial anisotropy in  M ni2 , a  te rm  

which is cen tra l to  the discussion o f our experim ental results p resen ted  in  the subse­

quent two chapters. C hapter 3 will deal w ith  a study  of the  m agnetic  relaxation of 

single crystals  of M ni2 in th e  regim e of therm ally  assisted tunneling  (above 1.8 K); 

com plex features were found w ith in  each resonance which are n o t fully  understood 

a t th is tim e. In  C hapter 4 I will describe a  sensitive Hall bar technique for m easur­

ing th e  m agnetization  of m icron-size sam ples a t very low tem p era tu re . Following a  

discussion o f th e  technical details o f these  m easurem ents, I will p resen t experim ental 

d a ta  o f hysteresis obtained a t tem p era tu res  down to  0.4 K in M n i2 , and  then  in ter­

p re t the  d a ta  in light of the  h igher-order anisotropy and th e  th eo ry  of th e  first-order 

transition  in  M ni2 . A separate s tu d y  of th e  effect of a transverse m agnetic field on 

the  lineshape of th e  N  =  0 resonance in M n12 will be presented in  C hap ter 5. I t  will 

help fu rth e r identify the unsolved key issues related to th e  tunneling  m echanism  in
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M n12 (m ost noticeably, the puzzling role o f hyperfine field in  th e  tunneling  process of 

this m ateria l). I will conclude my d isserta tion  w ith  a sum m ary and  suggestions for 

fu ture studies in C hap ter 6.

1.1 Background on Mni2 -acetate

M ni2 had draw n m uch atten tion  even before th e  breakthrough m ade by Friedm an 

et al. [10]. F irst synthesized by Lis in 1980 [7], th is m aterial consists of Avogadro’s 

num ber of weakly interacting, chemically identical M ni2 molecules residing on a  body- 

centered tetragonal latice. As shown in Fig. 1.1, each molecule contains four M n4+ 

(S  =  3/2) ions on a  central tetrahedron surrounded by eight Mn3+ (S' =  2) ions form- 

ing an ou ter ring. Superexchange coupling th rough  oxygen bridges betw een M n ions 

results in an  S  =  10 ground s ta te  a t low tem peratu res [15]. A strong  m agnetocrys- 

ta lline anisotropy splits the ground s ta te  in to  21 sublevels w ith  th e  un iaxial anisotropy 

axis coinciding w ith the  crystal’s c-axis [16]. Dipole-dipole in teractions betw een neigh­

boring molecules are small because nonm agnetic com ponents surrounding each mag­

netic  core keeps m agnetic clusters well separated ; the Curie-W eiss tem p era tu re  for 

th is system  has been measured to be sm all (betw een —50 and + 70  m K ) [17, 18]. 

T he spin 10 lies in a  m agnetic regime th a t m arks the  boundary betw een atom ic and 

macroscopic scales, and thus represents a  very interesting object for study.

Strong evidence for resonant spin tunneling in M ni2 was provided by th e  exper­

im ents of Friedm an et al. [10] in 1996, w ith th e  discovery of a  series of steps in  the 

hysteresis loops of M ni2. The system  was m odeled as a double-well po ten tial, shown
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Figure 1.1: S tru c tu re  o f  M ag n e tic  co re  o f  M n ^  m olecule. F o u r M n 4+ ions (S  =  

3/2, p o in tin g  dow nw ards) a n d  e igh t M n 3+ ions (S  =  2, sp o in tin g  u p w a rd s)  a r e  

s tro n g ly  coupled  th ro u g h  oxygen  b ridges (sm all d o ts)  to  fo rm  a  rig id  s p in  S  =  10 

a t low te m p e ra tu re .
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in F igure 1.2, w ith each m olecule’s (2S  +  1) =  21 s ta tes yielding two degenerate 

ground s ta te s  m  =  ±10, and a  set o f doubly degenerate  excited states m  =  ± 9 , ± 8  

. . .  (except for m  =  0) in zero field. A m agnetic field along the  easy axis tilts  th e  

po ten tia l. A t specific values of m agnetic  field, levels in  opposite wells com e into res­

onance an d  spin tunneling occurs across th e  an iso tropy  barrier, resulting in  a  m uch 

faster in terw ell relaxation ra te  giving rise to steps in  th e  hysteresis loops. To lowest
s

order, Mh .12 has been described by th e  sim ple H am ilton ian  [10]:

H  = —D S l  — (jfigH  - S (1.1)

where th e  z-axis is chosen along the  anisotropy axis. D  ~  0.6 K represents th e  uniaxial 

an iso tropy th a t  breaks the  21-fold degeneracy of M n i2-ace ta te ’s spin-10 sta tes and  

the  second te rm  represents the  Zeem an energy. W ith  th is sim ple H am iltonian, pairs 

of levels on opposite sides of the  b arrie r all cross sim ultaneously, i.e., the ir energies 

coincide1. T h e  level(s) from which tunneling  proceeds depends on tem p era tu re  (see 

the  following section on “therm ally  assisted tunneling” ).

M any in teresting  papers appeared  afte r this break through , some based on o ther 

experim en tal techniques, which fu rth er established th e  quantum  m echanical n a tu re  

of the  abnorm ally  faster relaxation in  M ni2 , and w hich provided additional valuable 

insights in to  th is problem. Using a sensitive heat capacity  m easuring device, Fom inaya 

et al. [20] and  Gomes et al. [21] found specific h ea t anom alies a t th e  m agnetic field 

values th a t  correspond to the crossing of spin up an d  spin down levels o f different 

m agnetic  q u an tu m  num bers above th e  blocking tem p era tu re  {Tb ~  3 K) of M ni2 . In  

addition , h ea t relaxation pulses were observed below Tb  when th e  fields were applied 

an tipara lle l to  the  initial m agnetization  a t those field values. All these results were 

explained in  term s of m agnetization tunneling  betw een spin states. Using ac m agnetic 

rThis point will be revisited in Chapter 2 in which higher order anisotropy terms are considered.
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m=10

Figure 1.2: D oub le-w ell p o ten tia l o f  spin-10 m olecu les such  as M n i 2 . D ifferen t 

levels c o rre sp o n d  to  d ifferen t sp in  p ro je c tio n s  along  th e  m ag n e tic  a n iso tro p y  

axis a long  w hich  a  m ag n etic  field is ap p lied .
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susceptib ility  techniques, Luis et al. [22] confirmed th a t th e re  is field-tuned tunneling  

between excited  m agnetic sta tes which are therm ally  populated . The effect o f  a  

transverse m agnetic field on tunneling in M n12 was s tud ied  by  Friedm an et al. [23] 

who found th a t the  transverse field does not change th e  longitudinal field a t w hich 

tunneling occurs; instead, it significantly increases the  re laxation  rate, both  on and  

off resonance.

C haracteriza tion  of M n12 forms another im portan t a rea  in  recent developm ents. 

A ccurate, reliable experim ental determ inations of th e  spin H am iltonian for M ni2 pro­

vide crucial inform ation for theorists to  calculate Q TM  in  th is system . Up to fourth- 

order te rm s, the spin H am iltonian for M ni2 can be w ritten  as,

n  =  - D S 2z -  fiBH  • g  • S -  A S t  +  C{S% +  S i )  (1.2)

where th e  first te rm  represents the  leading uniaxial anisotropy, the  second te rm  rep­

resents th e  Zeem an energy, and the  last two term s presents th e  higher-order uniaxial 

anisotropy and  th e  lowest-order off-diagonal transverse anisotropy allowed by th e  

te tragonal sym m etry  in M n12 crystal. Two Electron P aram agnetic  Resonance (E P R ) 

m easurem ents perform ed in M ni2 have yielded different sets o f values for th e  coef­

ficients D  and  A  of Eq. 1.2. B arra et al. [24] m easured high-field E P R  spectra  a t  

frequencies ranging from 150 to 525 GHz in m agnetic fields up to  25 T  on a  poly- 

crystalline powder sample, and obtained g\\ =  (1.93 dt 0.01), g± =  (1.96 ±  0.01),

D =  (0.56 ±  0.04) K and A  =  (1.1 ±  0.1) x 10~3 K. Hill et al. [25] studied a  subm il-

lim eter single crystal using high-sensitivity EPR  techniques in  the  frequency range 

between 35 and 115 GHz; their results im ply D =  0.59 K  and  A  =  0.88 x  10-3 K [26] 

w ith g\\ ranging from  1.97 to  2.08 and g± =  1.9. A lthough th e  results do not agree 

num erically, both  experim ents indicate the  presence of a  fou rth  order term  —AS*  in  

the spin H am iltonian  of M n12. As I will show la ter in th is  thesis, inelastic neu tron
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scattering experim ents have helped to  resolve th e  num erical inconsistency.

An inelastic neu tro n  scattering  s tudy  by H ennion et al. [27] of p a rtia lly  deu tera ted  

M ni2 found a  well-defined peak around 0.3 T H z (1.24 m eV) w hich was a ttr ib u te d  to  

excitations from  m  =  ± 10  to ±9 . T he peak  broadens on its low energy side as 

the tem pera tu re  increases, bu t these au thors were unable to  resolve any detailed  

structure . Very recently, Robinson et al. used  neu tron  diffraction experim ents to  

determ ine m ore accurate ly  the  s tructu re  factors in M ni2 [28] an d  th e n  applied th is  

knowledge to  o b ta in  th e  internal m agnetic s tru c tu re  of the  m olecule. Their results 

confirmed [29] the  s tan d ard  picture of the M ni2 spin-10 cluster a t low tem peratures.

1.2 Thermally-assisted tunneling in Mni2

r

The experim ental fact [10] th a t the m agnetic relaxation  ra te  of M ni2 has m axim a a t 

fields corresponding to  specific level crossings clearly  establishes its  q u an tu m  natu re . 

On the other hand, th e  fact th a t the relaxation ra te  on resonance decreases rapidly as 

the tem peratu re  is reduced  indicates th a t the  resonant tunneling is th erm a lly  assisted. 

For the case of zero longitudinal field, G aranin  [30] added a sym m etry-breaking  te rm  

due to a transverse m agnetic  field to the sim ple H am iltonian (Eq. 1.1); consistent w ith  

the  W KB approxim ation, he showed th a t th e  tunneling  ra te  for degenerate pairs o f 

levels is a  very strong  function of m , w ith s ta te s  near the top  of th e  barrier having 

m uch faster rates th a n  s ta tes  near the bo ttom . To obtain  a reasonably  fast tunnel­

ing ra te  com parable to  th e  tim e scale of a  typ ical DC m agnetization  m easurem ent, 

only levels near th e  top of th e  anisotropy b arrie r can be responsible for tunneling
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tunneling

thermal
activation

10m

F igure 1.3: Illustration o f  ’’Therm ally A ssisted  T unneling” in  a double w ell po­

ten tia l. Spins are th erm ally  activated to som e level(s) near th e  top  o f anisotropy  

barrier through which tunneling  relaxation proceeds at a  m uch faster rate.

of th e  m olecular m agnetic m om ents in M ni2. Therefore, the  Q T M  in  M n12 m ust be 

therm ally  assisted.

F irst suggested by Novak and  Sessoli [11], the  “th erm ally  assisted tunneling” 

m odel states th a t m agnetization  tunneling is dom inated  by  one or a  few adjacent 

therm ally  populated excited  levels. In  this picture, spins axe therm ally  activated to 

som e excited state(s) in th e  m etastab le  well, from w hich th ey  tu n n e l across th e  bar­
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rier and then  decay to the ground s ta te  in  th e  stab le well, as illu stra ted  in  Fig. 1.3. 

Two com peting factors come into play in  th is process: one is th e  th e rm a l population 

probability  which decreases exponentially  w ith  excitation energy, exp{—E / k T ) \  th e  

o ther is th e  tunneling probability which increases exponentially w ith  energy E,  as 

the  effective barrier height becomes lower an d  its angular w id th  becom es “th inner” . 

Therefore, a  com prom ise between these two factors m ust be found which leads to  the 

fact th a t tunneling  occurs only from one or a  few adjacent levels n ear th e  top  of the 

anisotropy barrier. T he level (or group of levels) th a t dom inates th e  relaxation  thus 

varies strongly w ith tem perature, as has been observed experim entally  a t  tem pera­

tures between 1.7 and 3 K [10, 22, 23], a  regime in which the  m odel of therm ally  

assisted tunneling  can be suitably applied.

Although, th e  model of therm ally  assisted  tunneling successfully addresses the 

m ain characteristics of the tunneling process in M ni2, q uan tita tive  com parison be­

tween experim ental d a ta  and theoretical calculations requires fu rth e r knowledge be­

yond this m odel. Under what conditions can  one observe quan tum  t u n n e l i n g  of the 

m agnetic m om ent? W hat is the m echanism  responsible for Q TM  in  M ni2? W hat is 

th e  m ajor sym m etry  breaking te rm  th a t drives tunneling? These are  all very im por­

ta n t questions which need to be addressed. T he fact th a t there is no obvious selection 

ru le in the  m agnetic hysteresis of M ni2 strongly  suggests tha t th e  presence of a  trans­

verse m agnetic field is mainly responsible for tunneling. Since no such field was 

applied ex ternally  in the experim ents, it has been suggested th a t th e  transverse com­

ponent of an  in ternal field of dipolar or hyperfine origin m ay be responsible [31, 32]. 

Hyperfine fields in M ni2 have been estim ated  to  be 300-500 Oe [33] while dipolar 

fields are too weak to  drive tunneling com pared to hyperfine fields and  can therefore 

be ruled out [34]. Considering the  random  n a tu re  of hyperfine fields, inhomogeneous
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broadening of the resonances should be expected. H ow ever, a  detailed lineshape 

study by Friedm an et al. [35] in the neighborhood of th e  zero-field resonance revealed 

a Lorentzian lineshape which showed no hint of inhom ogeneous hyperfine broaden­

ing. The linew idth of th e  Lorentzian lineshape corresponds to  a  tim e scale which is 

not related to any relevant microscopic tim e scale known fo r  th e  system  (neither the  

Arrhenius prefactor nor th e  precession frequency of sp in -10 in th e  anisotropy field) 

and raises fu rther questions about the  origin of the tu n n e lin g  m echanism . In  C hapter 

5, a further com plem entary study  using transverse m ag n e tic  field will be discussed.

W ith the spin H am iltonian containing higher order an iso tropy term s, Fort et 

al. [36] have presented a  calculation of the resonance lin esh ap e  near zero field us­

ing fourth-order transverse anisotropy C [S\  +  51] as th e  sym m etry  breaking term . 

However, the fits to the  d a ta  become worse a t fields f a r th e r  from  H  =  0 and  the  

authors also noted th a t h a lf  the experim entally observed resonance peaks would be

missing if the fourth-order anisotropy were solely responsib le  for tunneling. Luis et
*

al. [37] calculated the  jo in t effect of transverse m agnetic fie ld  and  fourth-order tran s­

verse anisotropy to account for Q TM  in M ni2. However, a  s tra igh tfo rw ard  im plication 

of their work would be an alternating  change in amplitude be tw een  odd and even res­

onances which has not been established experim entally. V ery  recently, Leuenberger 

and Loss [38] presented a theory of the  m agnetization re lax a tio n  in  M n12 in  th e  high 

tem perature regime (T  >  1 K) based on phonon-assisted sp in  tunneling induced by 

quartic m agnetic anisotropy and weak transverse m agnetic fields. T he m ain features 

of their fits qualitatively agree w ith experim ental d a ta  even, though m any details axe 

not accounted for (e.g. th e  fit to  d a ta  in ref. [35] failed system atica lly  to  fit th e  tail 

of the  Lorentzian lineshape), indicating other com plexity i n  th e  system  which is not 

accounted for in their calculation.
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1.3 Relaxation of the magnetization at lower tem­

peratures

Since th e  discovery of steps in th e  hysteresis loops of M ni2 in th e  tem p era tu re  range 

1.7-3K, theory  has been challenging experim entalists to  perfo rm  m agnetic m easure­

m ents a t even lower tem peratures on these “tunneling  nanom agnets” to  explore novel 

physics.

Transitions betw een two states in a b istab le  system  can occur either due to the  

classical therm al activation or via q uan tum  tunneling. For M ni2, th e  observed mag­

netic  relaxation is a  com bination of these two processes. A t high tem p era tu re  (super- 

param agnetism ) th erm al activation dom inates th e  relaxation process and  th e  classical 

A rrhenius law is observed for the re laxation  ra te , T ~  exp ( - U / T ) ,  w ith  U  ~  60K  

being th e  barrier height [40]; in the low tem p e ra tu re  lim it th e  re laxation  is (supposed 

to be) pure ground s ta te  tunneling and T becom es independent o f  tem peratu re ; ther­

m ally assisted tunneling  defines a  regime in term ed ia te  between th e  above two regimes 

in which b o th  th erm al activation and q u an tu m  tunneling are im p o rtan t to  th e  mag­

netization reversal.

I t is well known from  early experim ental work on M ni2 th a t th e  boundary  between 

the  regimes of th erm al over-barrier activation  and  therm ally  assisted  tunneling  is the 

blocking tem p era tu re , Tb  ~  3 K, below w hich hysteretic  behaviour s ta rts  to  set in 

for M ni2 [40, 41]. T he other boundary betw een therm ally  assisted  tunneling  aad  

ground s ta te  tunneling, however, turns o u t to  be even m ore in teresting . Fascinating 

physics has been developed related to this boundary for a  uniaxial spin system  like
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Mn.i2 which provides us w ith a  surprising exam ple of how p u re  qu an tu m  m echanical 

tunneling is reached.

R ecently Chudnovsky and  G aranin  [14] found a  novel fea tu re  in  th e  escape ra te  

of a  b istable large spin system  described by th e  H am ilton ian

H  =  - D S l  -  HXST. (1.3)

In particu lar, they found th a t the th e  escape ra te  can undergo a  tran sitio n  from  

the  classical to  the quan tum  regim e th a t  is sharp (first-order) or sm ooth  (second- 

order), depending on the  streng th  of th e  transverse m agnetic  field. T he analogy w ith  

phase transitions was first m ade by L arkin  and  O vchinnikov [42] and  holds stric tly  

only in th e  lim it of S  —y oo. However, as pointed out by C hudnovsky an d  G aranin, 

even for a  m oderate  spin like S  =  10 in  M nl2 where quan tiza tion  of sp in  levels 

becomes im portan t, the m ajo r results regarding th e  first- an d  second-order n a tu re  

of th e  transition  rem ain valid except for an  accuracy of 1 /S  in the  transition . This 

work was la te r  generalized to the  case of an  arb itrarily  d irec ted  field [43] and  also to  

a  biaxial spin system  (like Fes ) [44].

T he  tem p era tu re  dependence of th e  level from  which dom inan t tunneling  happens 

(labeled by the  quantum  num ber t t i t a t )  IS illustrated  in F igure  1.4, taken  from  Figure 

3 in ref. [32]. Two different scenarios can  be clearly seen. A t high values o f tran s­

verse m agnetic field h x  (which favors th e  second-order tran sitio n ), t t i t a t  can shift 

continuously w ith  increasing te m p e ra tu re  from  the  b o tto m  to  th e  top of th e  barrier 

th rough  each value of m  and finally m erge w ith th e  horizon ta l line characterizing 

th e  A rrhenius regime. In  contrast, in  lower transverse fields h x  (which favors the  

first-order transition) large jum ps of t t i t a t  can be seen, im plying  th a t tunneling  from  

levels in th e  m iddle of th e  barrier are skipped entirely  w hen tem p era tu re  is raised.
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Figure 1.4: C a lcu la ted  dom inan t tu n n e lin g  level p lo tte d  as a  fu n c tio n  o f  te m ­

p e ra tu re  (fro m  R ef. [32]). A t la rg e /sm a ll tra n s v e rs e  m agnetic  fie ld , th is  level 

changes c o n tin u o u s ly /a b ru p tly  w ith  te m p e ra tu re  fo r b o th  spin-10 a n d  sp in -100 

sy stem s.
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In th is  case, there  are two m axim a, or com peting  channels of relaxation  a t th e  top 

and  near the  bo ttom  of the barrier which go from  one into th e  o ther a t  th e  tran sitio n  

tem p era tu re . Please note th a t the  sam e kind  of ju m p  is seen for “large” (S  =  100) 

as well as m oderate (S  =  10) spins, w hether level quantization is im p o rtan t to  th e  

problem  or not.

Intuitively, sm ooth (or second-order) classical-quantum  transitions o f th e  escape 

ra te  are com m on, whereas ab rup t (or first-order) transitions betw een th e  two regim es 

are unexpected. In  their original work [14], Chudnovsky and G aranin  perform ed th e ir  

calcu lation  by m apping the spin problem  w ith  th e  H am iltonian of Eq. 1.3 on to  an  

equivalent problem  of a particle moving in  a  double-well po ten tial U{x), a  m eth o d  

which leads to  a  more transparen t and solid understanding of th e  problem  —  Q ual­

itatively , let us study a barrier U(x) w ith a  ra th e r flat top and  two steep sides like 

th a t p lo tted  in Fig. 1.5. For such a “rectangular” barrier, tunneling th rough  th e  m id­

dle p a r t of th e  barrier is not favorable since th e  W KB tunnelling probab ility  is no t 

increased substantially  com pared to  the b o tto m  p a r t whereas th e  therm al population  

is m uch decreased (exponentially). Therefore, therm ally  assisted tunneling  th rough
f

th is p a r t  of th e  potential barrier is suppressed, and therm ally  assisted tunneling  near 

the top  of the  barrier com petes directly w ith  th e  ground-state t unneling. A slight 

change in tem peratu re  near the transition  po in t can cause a  d ram atic  sw itch in  tu n ­

neling betw een these two to tally  different parts  of th e  barrier and lead to  a  first-order 

transition .

T h e  estim ated  crossover tem peratures o f abou t 1 K for M ni2 and  abou t 0.8 K 

for Feg are bo th  substantially  lower th an  th e  lowest tem peratu re  achievable (1.6—
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barrier top 
tunneling

unfavorable a rea  
for tunneling

ground s ta te  tunneling

Figure 1.5: I l lu s tra t io n  o f  a b ru p t  t r a n s i t io n  b e tw een  tu n n e lin g  p a th s  th ro u g h  a  

" re c ta n g u la r  b a r r ie r ” . A n  in tu itiv e  w ay  to  u n d e rs ta n d  th e  a b r u p t  fe a tu re  o f 

th is  tra n s i t io n  is to  th in k  o f  tu n n e lin g  th ro u g h  a  n e a rb y  re c ta n g u la r  b a r r ie r . 

A t h igh  te m p e ra tu re ,  .tu n n e lin g  h a p p e n s  a t  th e  to p  o f  th e  b a r r ie r .  A s th e  

te m p e ra tu re  is low ered , th e  g ro u n d  tu n n e lin g  chan n e l im m e d ia te ly  s ta r ts  to  

c o m p e te  w ith  th e  to p  channel s in ce  th e  m uch  la rg e r sp in  p o p u la tio n  is m o re  

favorab le  to  tu n n e lin g .
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1.7 K) w ith  a  com m ercial (Q antum  Design.)2 SQUID m agnetom eter. A five-fold 

reduction in  tem p era tu re  can  be obtained in a  3He cryostat (which typically  reaches 

tem peratures of 0.3 K), and  an  additional factor of five is available in  our d ilu tion 

refrigerator (60 m K ). For M nl2 one expects to  find in teresting , and perhaps d ram atic , 

experim ental outcom es if  high-sensitivity m agnetom etry  can  be perform ed over such a  

broad range of tem p era tu re  (see C hapter 4 for such a  technical solution which enables 

these studies).

The relaxation o f the  m agnetization of M ni2 has been explored by Perenboom  et 

al. [46] w ith  a cantilever m agnetom eter to  tem pera tu res  below 60 m K . C ontrary  to  

expectations [31], no steps w ith  indices higher th an  11 were observed in  th e  hysteretic  

m agnetization. T he long tim e tail (t >  2000 s) of th e  m agnetic  relaxation was found 

to  be logarithm ic below 1 K, quite different from  th e  exponential decay found in  

relaxation m easurem ents on th e  same tim e scale a t  high tem peratures.

In th e  coming chapters, I will present our experim ental d a ta  for th e  m agnetic re- 

laxaton of M ni2 a t tem peratu res  below 1 K, and  provide an  in terp re ta tion  in light of 

th e  first-order quantum -classical transition theory discussed above. I will also present 

results of our inelastic neu tron  scattering experim ents and  high tem p era tu re  relax­

ation  m easurem ents, b o th  of which show the existence of th e  higher order uniaxial 

anisotropy in M n12 necessary to explain the “sh ift” in resonant m agnetic fields a t 

lower tem peratures.

2 in contrast to the micro-SQUID magnetometer developed by Wernsdorfer et al. [45]
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C hapter 2 

In elastic  N eu tron  S catterin g  S tu d y  

o f  M n i2~acetate

N eutron  scatte ring  constitu tes one of th e  valuable tools for studying th e  properties of 

m ateria ls . In particu lar, inelastic neu tron  scatte ring  (INS) can be used to  probe th e  

energy levels o f high-spin molecules. A fter discussing the advantages of applying neu ­

tro n  sca tte rin g  to  the study  of m olecular m agnets, I  will briefly describe the  relevant 

features o f QENS a t Argonne N ational L aboratory  — the neutron spectrom eter on  

w hich we perform ed th e  INS study  in M n n  and  acquired high quality  d a ta . I  will th e n  

p resen t experim ental d a ta  from  these studies and  end this chapter w ith a  detailed  

discussion on the crucial inform ation INS reveals concerning the  energy spectrum  of 

M ni2 and  its im pact on the study  of Q uantum  Tunneling of M agnetization in  th is  

system .

19
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2.1 Background on neutron scattering

T herm al neu tron  scatte ring  has substan tia l advantages in th e  s tu d y  o f high-spin 

m olecular m agnets over o ther spectroscopic m ethods such as X -ray sca tte rin g  and 

E lectron P aram agnetic  Resonance (E PR ) due to  th e  following in trinsic  p roperties of 

neutrons [52]:

The fact th a t th e  neutron is uncharged m eans th a t  it  can not only p e n e tra te  deeply 

into the  targe t, b u t also th a t it comes close to  th e  nuclei since there  is no Coulomb 

barrier to  overcom e. Therefore neutrons are  sca tte red  by nuclear forces, n o t by the 

Coulomb forces of th e  electrons, as in  X-ray scatte ring .

T he de Broglie w avelength of therm al neu trons is com parable to  a tom ic  spac- 

ings and the k inetic  energy of neutrons is com parab le  to the  energy of phonons in 

solids, m aking it an  ideal probe for the  s tru c tu re  analysis of high-spin m olecules in  a 

crystalline form  such as M ni2 -

M ore im portan tly , the  m agnetic m om ent o f th e  neutron  enables i t  to  in te rac t w ith

the unpaired electrons in m agnetic molecules. E lastic  scattering  from  th is  in teraction

gives inform ation on the arrangem ent of e lectron  spins and the  density  d istribu tion

of unpaired electrons in m olecular m agnets. Inelastic  m agnetic sca tte ring  yields th e
*energy of m agnetic excitations, providing crucial inform ation about th e  energy-level 

spectrum  of m olecular m agnets.

Finally, the  energy of therm al neutrons is o f  th e  sam e order as th a t o f m any  exci­

tations in  high-spin m olecular m agnets. T he creation  or annihilation of an  excita tion
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is aided by an inelastically  sca tte red  neutron and  th e  percentage change in  th e  en­

ergy of th e  neu tron  is a  large fraction  of its in itial (o r final) energy, m aking accu ra te  

m easurem ent of th e  energies o f these excitations possible. For example, the  energy  

resolution is a t 100 fjeV  (1.2 K) for th e  fixed final neu tro n  energy of 3.6 m eV  (42 K) 

on th e  QENS spectrom eter. For com parison, one o f the  m ajo r excitations in  M n i2  

molecules is estim ated  a t ab o u t 12 K.

Unlike therm al neu tron  energies, typical X-ray energies are several keV, m ak ing  

X -ray spectroscopy an  unsu itab le  tool to probe th e  very  sm all energy level spacings 

in  m agnetic molecules due to  difficulty in energy resolution. A nother spectrosopic 

m ethod , E lectron Param agnetic  Resonance has been used widely in the  charac ter­

ization  of high-spin m olecules [24, 25]. However, E P R  m easurem ents are norm ally  

done in a  m agnetic field an d  th e  g  values, generally unknow n, are trea ted  as (add i­

tional) fitting  param eters. In  con trast, Inelastic N eu tron  Scattering experim ents axe 

norm ally  perform ed in the  absence of ex ternal m agnetic  field, and  yield a  m ore d irec t 

and  accurate determ ination  of th e  energy spectrum  o f th e  molecules.

2.2 Inelastic neutron scattering spectrometer —  

QENS

%

O ur first Inelastic N eutron S catte ring  experim ent on M ni2 was done on PH A R O S, 

th e  Inelastic N eutron S cattering  spectrom eter a t th e  Los Alamos N eutron Science 

C enter. A 1.24 meV peak was observed a t th e  lowest tem p era tu re  of 1.6 K. However,
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the  energy resolution of PHAROS (0.4 m eV  a t fixed initial neu tron  energy of 12 meV) 

d idn’t  allow a  detailed  study to resolve o ther low energy m agnetic  excitations w ithin 

the  S  =  10 m anifold  of M ni2- Consequently, QENS was proposed as a m ore suitable 

spectrom eter for investigating the  low energy excitations in  M ni2.

T he Q uasielastic Neutron Scattering  Spectrom eter (QENS) a t  th e  Intense Pulsed 

N eutron Source (IPN S) at Argonne N ational Laboratory is an inverse geom etry crys­

tal analyzer spectrom eter th a t provides full coverage of bo th  quasielastic and inelastic 

neutron sca tte rin g  sim ultaneously from  a single sample [53]. Fast neutrons axe pro­

duced from  spalla tion  and fission reactions in a depleted u ran ium  ta rg e t bombaxded 

by 450 MeV protons in 80 ns-wide pulses. T he  fast neutrons axe th en  m oderated 

by a  liquid m eth an e  m oderator a t 100 K. T he low tem pera tu re  m oderator increases 

the population  of neutrons below 20 m eV . Therefore, QENS is m ain ly  used as a  low 

energy transfer spectrom eter, excellent for the study of low energy (below 20 meV) 

excitations in high spin molecules like M n12. T he energy resolution of QENS is about 

100 f ieV  FW H M  a t fixed final neutron energy of 3.63 meV.

T he p lan  view of the  spectrom eter is shown in Figure 2.1. T he  basic principle of 

the inverse geom etry  spectrom eter is th a t  a  broad energy bandw idth  of neutrons axe 

incident on th e  sam ple and those neutrons which scatte r w ith a  select energy are Bragg 

reflected by th e  analyzer crystals (g raph ite  on QENS) into th e  detectors. The final 

neutron w avelength, A/, is given by th e  Bragg scattering condition, Xj =  2dsin0c, 

and yields an expression for the scatte red  neu tron  energy:

E f  =  8m(Psm29c '

For QENS, th is fixed final neutron energy is set a t 3.63 meV. T h e  incident neutron 

energy is m easured  by the  detected time-of-flight between the  m onito r and detector.
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Figure 2.1: D iag ram  o f  Q uasi-elastic N e u tro n  S c a tte r in g  (Q E N S ) s p e c tro m e te r  

a t  A rgonne  N a tio n a l L ab o ra to ry  (from  R ef. [53]).
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T he energy transfer E  =  E j  — E{ between an  ind iv idual neu tron  and th e  sam ple can  

therefore be accurately  obtained. If an individual n eu tro n  h its  a  detector o rien ted  

a t (8, 4>), the num ber o f  counts n  for such an event w ith  param eters (8, <f>, E )  w ill be 

increased by one.

In a  real experim ent, a  tim e focused neu tron  b eam  hits th e  sample w ith a  h igh  

frequency of 30 Hz an d  th e  counting num bers n  (9, <f>, E )  soon becomes th e  s ta tis ­

tical average. Im p o rtan t inform ation can be ob ta ined  by analyzing the large a rray  

re (0 ,0 , E).

By in tegrating over all the  scattering angles 9 an d  cf> available in the  experim ent, 

the  num ber of counts n (E )  contains all the  sca tte rin g  events in  which a  neu tron  

changes its energy by E .  If  there  is a  peak a t energy Eo for curve n  =  n(E),  it  m eans 

there  is an  intrinsic excita tion  w ith characteristic energy  E  in  th e  sample.

On QENS, all the  sca tte rin g  experim ents are perform ed in zero m agnetic field. 

Therefore, the double well potential of M ni2 m entioned  in C h ap te r 1 is sym m etric in  

these experim ents.

2.3 Experiments and results

A 14-gram deuterated  M n i2 powder sample was p repared  by Prof. David Hendrick­

son’s group according to  th e  published procedure [7] for th e  inelastic neutron  scat­

tering  experim ents. T h e  proton in M ni2 has a very large neu tron  scattering cross 

section (a t 82.03 barn  of “Total Bound Scattering Cross Section”) so it  is replaced 

chem ically by deu terium  (a t 7.64 barn  TBSCS) in o rd er to  reduce background scat-
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tering. T he  pow der sam ple was w rapped in  an alum inum  foil w hich is “transparent” 

to  therm al neu trons (A lum inum  has a  very small TBSCS o f  1.50 baxn) and placed 

in the  cen ter o f th e  sample cham ber w here the  incom ing n eu tro n  beam  and all the 

scattering  pa th s  to  detectors jo in  together. A small p o rtio n  o f th e  powder sam ple 

(several m g) was la te r set in an epoxy a t  room  tem pera tu re  in  a  5.5 T  magnetic field 

for 8 hours. H ysteresis sweeps were th en  perform ed to  charac terize  th e  sample —  

steps were found for th e  deuterated  sam ple a t the sam e q u an tized  m agnetic fields as 

published [10].

D ata  taken  a t tem peratures of 1.4 K, 10 K, 17 K, and 30K axe shown in Figure 2.2 

where th e  n eu tro n  scattered in tensity  is p lo tted  as a  function o f n eu tro n  energy trans­

fer E.  T he large m axim um  centered abou t zero energy is due to  elastic  scattering. At 

1.4 K, a  single sharp  peak is observed a t  1.24 meV; this is a t tr ib u te d  to  excitations 

from spin s ta tes  m  =  ±10 to  m  =  ± 9  (see diagram  of excita tions w ith in  double well 

potential of S  =  10 manifold, Figure 2.3).

N ote th a t  a t 1.4 K, the overwhelming m ajority  of spins a re  in  th e  ground states 

m  =  ±10. So th is is the  only excitation  possible a t th is tem p era tu re . As the tem ­

perature is raised and some of the  spins are therm ally  ac tiv a ted  to  higher energy 

states, new peaks develop on the  low energy side of th e  1.24 m eV  peak; we a t­

tribu te  these to  transitions from m  — ± 9  to ± 8 , ± 8  to ± 7 , e tc . T ransitions such as 

those betw een m  =  ± 9  and ± 7  are forbidden by neutron  sca tte rin g  selection rules,

A S  =  0, ± 1 , A m  =  0, ± 1 . Due to  the  increased population o f  h igher energy levels 

at higher tem p era tu re , peaks also appear th a t are sym m etrically  p laced  w ith respect 

to E  =  0 on th e  neu tron  energy-gain side. In these cases, n eu tro n s  gain  quantized 

energy from  th e  M ni2 system  when th ere  is enough excited  s ta te  population. No
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Figure 2.2: N eu tron  scattered  intensity vs energy at tem peratures o f  1.4, 10, 

17, and 30 K. T he spectra  shown in this figure w ere obtained at different scat­

tering angles. T he arrows denote the positions o f  peaks deduced from  data  

taken at all tem peratures and scattering angles.
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Figure 2.3: Diagram  o f excitations w ithin the double w ell potential. D ue to  

neutron scatterin g  selection rules, only excitations b etw een  sta tes o f m agnetic  

quantum  num bers that differ by one are plotted. T he inelastic  neutron scatter­

ing peaks in Figure 2.2 are directly related to th ese  excitation s.
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m axim a appear above 1.24 m eV  up to  «  3 m eV , where fu rth e r excita tions occur th a t  

axe possibly associated w ith transitions betw een different spin m anifo lds [27]; th is 

fu rth e r confirms th a t the  peak a t 1.24 m eV  corresponds to  tran sitio n s  betw een the 

g round and first excited s ta te  of the  spin-10 manifold. T he m ax im a a re  labelled  by 

th e  index m , which denotes the  level from  which each excitation  occurs; th u s, th e  

1.24 m eV  peak is labeled 10, the  ad jacen t peak , 9, and so on. As show n below, the  

positions of these peaks contain key in fo rm ation  regarding th e  spin  H am ilto n ian  of 

Mni2-

R ew riting the  spin H am iltonian of M n i2  here,

n  =  - D S l  - f i BB  • g  S -  A S t  +  C ( S l  + S i )  (2.2)

th e  following d a ta  analysis is applied. Since th ere  is no ex ternally  app lied  m agnetic  

field in  our experim ents, and the Zeem an energy due to the  in terna l m ag n etic  field of 

M n12 (estim ated  to be several hundred O e [33]) is a t least two orders o f  m agn itude 

sm aller th an  the anisotropy energy, th e  te rm  ~ h b  B  • g  • S can be safely  neglected. 

Furtherm ore, the  fourth-order transverse anisotropy term  C (5 4 + 5 1 )  h as  lit t le  effect 

on th e  Eigen-energies o f th e  states w ith  large |m( (e.g. for m  =  ± 6 , th e  p e rtu rb a tio n  

on energy is on the order of D ( ^ ) 3 ~  10-12 ~  10- U Z)). Therefore, th e  energy of 

th e  s ta tes  probed in our experim ents n ea r  th e  b o tto m  of the  anisotropy wells can  be 

approxim ated  by Em = —D m 2 — A m 4, an d  th e  energy of excitation  from  levels ± m  

to  ± (m  — 1) will be

A E m =  - E m = D (2m  -  1) +  A[m4 -  (m  -  l ) 4]. (2.3)

In F igure 2.4, six excitation  energies are  p lo tted  as a  function of th e  index  m . 

T h e  deviation from linear dependence clearly  indicates the im portance o f  including a
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Figure 2.4: Energies o f  th e  peaks o f Fig. 2.2 p lotted  as a  function o f in d ex  m. 

In d ex  m denotes the initial sta tes for energy loss and final states for en ergy  

gain . A  two param eter fit to  th e data yields accurate values for the param ters 

A and  D  in the spin H am iltonian.
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diagonal fourth-order term . A tw o-param eter fit to  E quation  2.3 gives D  — (4.67 ±

0.18) x  10~2 m eV = (0 .54±0.02) K  and A =  (1.04±0.10) x lO ” 4 m eV = (1 .2 ± 0 .1 ) x l 0 “3 

K. These values are very close to  the  E P R  results obtained by B arra  et al.: D =  

(0.56 ±  0.04) K, A =  (1.1 ± 0 .1 )  x  10~3 K, and in  disagreem ent with, th e  results of Hill 

et al. [25]. N ote th a t Inelastic N eutron Scattering experim ents require no assum ption 

about th e  Lande factor g, and  therefore yield more direct and  accu ra te  values of A  

and D. O ur neutron scatte ring  d a ta  thus allowed identification o f th e  correct E PR  

result.

T he higher energy part of our d a ta  is sum m arized in F igure 2.5. Hennion et 

al. [27] found sim ilar results in an early  study. These excitations are related  to  

excitations from  the S  =  10 spin m anifold of M n^  to  o ther spin sta tes (for example 

S  =  9, m  =  ± 9 ) since it requires m uch higher energy to  break one or several of 

the superexchange coupled M n ions w ithin the cluster. As a  com parison, the energy 

scale of th e  low energy excitations (E  < 1.24 meV) w ithin th e  S  =  10 manifold 

analyzed above are determ ined by the m agnetic anisotropy, or spin-orbit coupling 

within the  molecule. Several theoretical calculations [54, 55] have been m ade in  order 

to understand  these higher energy excitations. In terpretation  of th e  higher energy 

spectral features nevertheless rem ains an open question.

2.4 Discussion

For the  values of D  and A obtained, the full height of th e  anisotropy barrier for 

M ni2 (defined as the energy difference between m  =  0 and m  =  10) is calculated 

to be (66 ±  3) K. The ratio  \A m 4/D m 2\ ss 0.2 for m  =  10. T he te rm  (—AS*) 

therefore constitu tes a  substan tia l correction to  the  energy levels near th e  bo ttom  of
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atures o f  1.4 K and 17 K . The sharp peaks above 3 m eV  are related  to  excitations  

betw een S  =  10 and other spin manifolds.
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the anisotropy wells. Since A  and D have th e  sam e sign, the level spacings near th e  

bo ttom  of th e  wells are  relatively  sparser, an d  th e  d istribu tion  of levels n e a r  th e  top  

of th e  barrier denser.

A lthough a  higher-order te rm  such as {—AS*) in  the spin H am iltonian of M ni2  

is generally regarded as a  detail, it tu rns o u t th a t  the consequences o f th is  te rm  

fax exceeds th a t of a  triv ia l “correction” . I t  is essential to the  s tudy  o f  Q uan tum  

Tunneling of M agnetization in  M ni2 , as will b e  shown below as well as in experim ents 

described in the  nex t two chapters.

D ue to  the  presence of such a  sizable fourth -order term , th e  energy levels do 

not com e into resonance sim utaneously for a  given field applied along the  anisotropy 

axis. From  the  spin H am iltonian  of M ni2 (Eq. 2.2), two levels w ith  different q u an tu m  

num bers m  and m '  com e in to  resonance when E m =  E m>, or a t a  longitudinal m agnetic 

field Hz given by

E m =  —D m 2 — Am * — gzg-BH~m. (2.4)

Com bining term s containing Hz, one obtains

H z =  N H 0[l +  ^ ( m 2 +  m '2)] (2.5)

where Ho =  D fgzg. and N  =\ m  + m ' \. Ho =  D /g ^g  is defined as th e  “field 

quan tum ” for th is system ; th e  iV’s are the “s tep  num bers” first found experim entally  

by hysteresis studies [10]. In  th e  absence o f th e  higher order anisotropy {—AS*),

levels com e into resonance simultaneously, i. e. if  levels m  and m ’ axe in  resonance, so

are levels (m  — 1) and (m ' -1-1), and so on. However, due to  the  presence of th e  higher- 

order contribution, th e  te rm  j j{m 2 +  m n ) causes pairs of levels m  and m '  to  com e 

into- resonance a t m agnetic fields which are n o t sim ply determ ined by the  sum  of m  

and m ', i.e. they do no t com e into resonance sim ultaneously. R ather, pairs o f levels
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m  and m '  w ith the same “step num ber” N  will do so a t  slightly  different m agnetic 

fields. Since th e  fourth order anisotropy has the sam e sign as th e  second order term , 

(m 2 +  m a ) is bigger for levels m  and m ‘ lower in the  double wells. Therefore, higher 

m agnetic fields are required to  bring lower levels into resonance. T he direction of th is 

correction will provide us w ith  im portan t hints in understand ing  th e  low tem pera tu re  

hysteresis d a ta  in C hapter 4.

Friedm an et al. found in earlier hysteresis studies th a t  th e  steps are nearly equally 

spaced in  the  regime of therm ally  assisted tunneling (2K  < T  < 3K)  [10]. From  our 

neutron sca tte ring  as well as B arra ’s E P R  results, A /D  ~  2 x  10-3 , and (m 2 m '2)

is not a  very big num ber (less th an  30) for levels n ear th e  top of the  anisotropy 

barrier (in  the  case of therm ally  assisted tunneling, e.g. N  = 2, m  = —4, m ' =  2) 

— their p roduct is still relatively small and constitu tes a  correction of less than  6%. 

In addition , the  broadening of resonance peaks by hyperfine/d ipo lar fields, as well 

as broadening associated w ith incom plete orientation o f th e  pow der samples, m ake it  

difficult for the  effect of this sm all correction term  to be  visible in  these experim ents.

W ith  th e  even finer energy resolution (27.5 geV  H W H M ) o f th e  Inelastic N eutron 

Scattering spectrom eter a t the  In stitu te  of Laue Langevin, France, M irebeau et al. 

rem easured the  low energy p art of the spectra presented above and  obtained very 

accurate values for the param eters of the spin H am iltonian o f M n12 [56]: D  =  0.548(3) 

K, A  =  1.173(4) x  10~3 K. W ith  these param eters as well as gz and C  from E P R  

results by B arra  et al., a  detailed energy diagram  can be  ob tained  through direct 

diagonalization of the spin H am iltonian (Figure 2.6). Here, th e  21 Eigen-energies of 

M nt2 are p lo tted  as a function of longitudinal m agnetic field (norm alized by Ho).
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Figure 2.6: E nergy-level d iagram  o b ta in ed  from  d ia g o n a liz a tio n  o f  th e  spin- 

H am ilto n ian  E q . 2.2.

Lines w ith positive slope correspond to negative quantum  num ber m ,  and  vice versa. 

The interesting physics occurs a t the point where two lines “cross” -1 M agnetization 

tunneling occurs precisely a t these “m agic” points. The fact t h a t  these points do 

not collapse onto one point when projected on the  x-axis (or field ax is) is due to  the 

fourth-order uniaxial anisotropy, (—AS*), as discussed above.

From Figure 2.6, it can be seen th a t this effect is small for sm a ll step  num ber

1 Strictly speaking, these are avoided crossings due to symmetry breaking terms in the spin 

Hamilonian.
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N .  In these conditions, th e  double wells are only slightly tilted . To m a tch  th e  

experim ental tim e, only tunneling  relaxation near th e  top  of th e  anisotropy barrier,

i.e. therm ally  assisted tunneling , can be conveniently probed. As discussed above, 

it is fairly difficult to observe th is  change of less th a n  6%. However, in  C h ap ter 

3, a  point-to-point m easurem ent of th e  relaxation ra te  in  Mnj.2 as a  function  of th e  

longitudinal m agnetic field reveals rich and complex s tru c tu re  due to  this h igher-order 

anisotropy.

For large values of N, th is  effect is substantial and  can be m ore easily observed. 

N ote th a t points a t the crossings for a  fixed step num ber N  (e.g. N  =  8) spread 

o u t over a wide range of m agnetic  field. The fourth-order te rm  actually  allows us 

to  identify which level(s) is dom inan t in the tunneling relaxation by com paring the  

m agnetic  fields a t which m ax im a of the m easured relaxation  ra te  occur w ith  th e  

calculated  level crossings using th e  param eters in  the  sp in  H am iltonian of Mh.1 2 . This 

tu rn s  ou t to be a very powerful m ethod  (see C hapter 4).

The following chapters will show th a t this added com plexity goes a  long way 

tow ard helping us understand  th e  intrinsic physics in M n12.
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C hapter 3

F ield -d ep en d en ce o f  th e M agn etic  

R elaxation  in M n i2-aceta te  in th e  

T herm ally  A ssisted  T unneling  

R egim e

In th is chap ter, I will present results o f point by point m easurem ents below th e  block­

ing tem p era tu re  of the m agnetic relaxation  of M ni2 which reveal unexpected, com plex 

s tru c tu re  as a  function of m agnetic field applied along the  easy axis of m agnetiza­

tion. T his new form of spectroscopy yields detailed inform ation ab o u t the  tunneling 

process and  the  form of the  spin H am ilton ian  o f M ni2 .
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3.1 Motivation for a detailed study of relaxation

C om pared to hysteresis m easurem ents, studies of m agnetic re laxation  yield m ore 

straightforw ard results for th e  theoretical understanding of th e  t u nneling process 

in  M ni2. A lthough m easurem ents o f steps in the hysteresis loops reveal th e  broad 

features discussed earlier, they  do n o t provide th e  resolution or control necessary 

for a  detailed study. In m easurem ents of th e  hysteresis, the  ex ternal m agnetic  field 

is swept continuously a t some predeterm ined  ra te  so th a t th e  m agnetic response is 

generally probed only on short tim e scales [47]. For reasons th a t are only  partia lly  

understood, th e  in itial response of th e  m agnetization in Mnx2 is q u ite  rap id  and 

not characteristic of the long-tim e behavior of the relaxation [10]. W e note also 

th a t there is a  tim e-varying in ternal field associated w ith th e  tim e-varying sam ple 

m agnetization which must be added to  th e  externally  applied field to  o b ta in  th e  to ta l 

field H tota/ =  H  +  a(47rM ), where a  is a  unitless constant betw een 0 and  1 depending 

on sam ple details. The transient conditions of a  hysteresis m easurem ent m ake it 

particu larly  difficult to take th is effect into account.

In relaxation m easurem ents, the sam ple is cooled to the ta rg e t tem p era tu re  in 

some external m agnetic field (zero in th is  study), and then th e  field is sw itched to 

another value. T he decay of the  sam ple m agnetization towards its  new e q u i l ib r iu m  

value is m easured as a function a  tim e. Since the (final) external m agnetic  field is 

fixed, this type of m easurem ents provides a  m uch m ore controlled way to  stu d y  the  

relaxation process in M ni2 in com parison to  a hysteresis s tudy  in  which b o th  external 

m agnetic field and the  sample m agnetization are varying. T he m ost accurate  results 

are obtained by using single crystal sam ples.
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3.2 Measurement techniques

All our M ni2 and Fes sing le  crystal sam ples were synthesized according to  th e  pub­

lished procedure [7] by D av id  Hendrickson’s group a t  th e  U niversity o f California, 

San Diego. These sam ples degrade on a tim e scale of m onths a t room  tem pera tu re . 

In  order to  slow this process, samples were sto red  in a irtigh t containers in  a  freezer.

Choosing good single c rysta ls  is crucial to  m alting good relaxation m easurem ents. 

A batch of m illim eter size single crystals of M nj.2 were inspected carefully un d er an  

optical microscope and several selection criteria  were applied. Parallelepiped crystals 

w ith  shiny surfaces and sh a rp  surface boundaries are considered to  be good candi­

dates. Crystals w ith irregu lar shape and cracked surfaces should be discarded. B oth  

M ni2 and Fe8 single c rysta ls  are very fragile so they  should never be handled  w ith  

tweezers or any other r ig id  handler. A sharpened Q -tip end w ith a  tin y  am oun t of 

non-m agnetic grease (e.g. Dow Corning high vacuum  grease, Lake Shore Cryogenics) 

can serve as a  convenient “linger” to m anipu late  such single crystals.

DC m agnetization m easurem ents were perform ed using a  Q uantum  Design M PM S- 

5 m agnetom eter equipped w ith  a  5.5 T  superconducting m agnet. Single crystal sam ­

ples were m ounted on a Q u an tu m  Design horizontal sam ple ro ta to r which allows 

ro ta tion  of th e  easy axis o f  th e  single crystal w ith  respect to  the  m agnetic field in 

increm ents as small as 0.1®'. T he in-plane orien ta tion  of th e  single crystal (defined 

by the  angle 4> in Figure 3-1) was achieved by applying a  1 Tesla m agnetic field to  

ti l t  its c-axis towards the field  direction 1 a t room  tem p era tu re  ( «  300 K) w hen the  

ro ta to r p la te  is roughly para lle l to  the field. A fter cooling th e  sam ple to  below n itro -

1 There is a thin layer of grease between the single crystal and the sample plate.
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gen tem pera tu re  (77 K), the  in -p lane ro ta tional degree o f freedom  was frozen a t  its 

best value and the angle betw een field and  c-axis was con tro lled  solely by the  sam ple 

ro ta to r  2.

Two SQUIDs allow sepaxate m easurem ents of th e  two o rthogonal com ponents of 

th e  c ry sta l’s m agnetization parallel and  perpendicular to  th e  field direction. The easy 

axis o f the  M n12 single crystal was aligned parallel to  th e  field by  ad justing  th e  angle 

8 betw een them  to yield m inim um  perpendicular com ponent o f th e  m agnetization in  

a  field o f 1 kOe at a tem peratu re  of 5 K (i.e. when th e  c ry sta l is in  th e  superparam - 

agnetic regime). A ratio  betw een perpendicu lar and parallel SQ U ID  readings sm aller 

th a n  10-3 was usually achieved. T h e  largest un in tentional transverse  field due to  

th is m isalignm ent in the m axim um  20 kO e longitudinal field u sed  in  our experim ents 

is es tim ated  a t 20 Oe; com pared w ith  th e  estim ated  s tre n g th  of «  500 Oe of the  

hyperfine field [33], this has a negligible effect on the  tu n n elin g  ra te . A fter cooling 

th e  sam ple from 5 K to a targe t tem p era tu re  T  below th e  blocking tem peratu re  Tb 

in  zero m agnetic field, a fixed (longitudinal) field Hz was rap id ly  applied  (in less th an  

300 s) and the  m agnetization of th e  single crystal was m easured  (by  b o th  SQUIDs) 

as a  function of time. The excellent alignm ent of the  single c ry sta l was fu rther con­

firm ed by th e  fact th a t the  sm all ra tio  m entioned above rem ain ed  approxim ately th e  

sam e throughout the entire relaxation . T he relaxation m easu rem en t was repeated a t 

a  series of different fields and tem pera tu res  to  span th e  re lax a tio n  conditions of in­

te rest. Since the m agnetic relaxation  depends strongly on tem p e ra tu re  in  the  regime 

of therm ally-assisted tunneling, th e  DC relaxation m easurem ents we perform ed were 

lim ited  to  th e  field range between 0 — 20 kOe and to th e  te m p e ra tu re  range between 

2Friedman’s Ph.D. thesis provides a comprehensive and clear explanantion of the same MPMS- 

5 system, including principles o f SQUID magnetometry and the low temperature sample rotator 

calibration. See ref. [19]
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Figure 3.1: D iagram  show ing the geom etry  o f  M 1112 single crystal and  rotator  

plate. 6 is th e  angle betw een field and rotator plane. <f> m easures in-plane 

orientation o f  th e  single crystal. A  large field  tilts  the single crystal's c-axis 

towards its d irection, therefore m inim izing (f>. 0 can be m inim ized b y  rotating  

the plate.
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1.8 — 2.6 K in which a  substan tial portion of th e  relaxation  can be m easured on an  

experim entally  convenient tim e scale to  yield accurate  relaxation rates.

3.3 Experimental results

It is a  non-triv ial task  to ex tract a characteristic tim e  (or rate) from these relax­

ation curves th a t  unam biguously represents in trinsic physics which is com parable 

from curve to  curve. For Mnj.2 , the  relaxation of th e  m agnetization is different in  

different regimes of tem pera tu re  and in different tim e windows. At low tem pera­

tures, a  square-root-of-tim e dependence a t short tim e scales has recently been cal­

culated [48] and  claim ed experim entally [49, 50], and  a ttem p ts  have been m ade to  

fit low -tem perature relaxation d a ta  to this function to  explore novel physics [49, 51]. 

However, a t higher tem peratu res, m easurem ents show th a t  a  faster process dom inates 

th e  relaxation during an in itial tim e period of about two thousand seconds (or less), 

followed by a slower relaxation which can be fit very well to  a  single exponential func­

tion, indicating th a t all the  fast processes have died out [10, 19, 35]. Following our 

previous m ethod  of d a ta  analysis, it is th is long tim e  relaxation  from  which we ob ta in  

the  characteristic  ra te  by fitting it to  a single exponential, as shown in Fig. 3.2. N ote 

th a t th e  overall change in m agnetization is sm all after ab o u t 2000 s, corresponding 

to  a  negligible change in the  average in ternal field ac(AirM) com pared to  the  sizable

(fixed) ex ternal field H.  In our d a ta  analysis, we always fit a  subset of d a ta  from th e
.  ♦

whole relaxation curve which satisfies this condition.

T he relaxation ra tes a t several different tem peratures betw een 1.8 K and 2.6 Kaxe
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Figure 3.2: T h e  d ifference betw een  th e  m a g n e tiz a tio n  M  a n d  its  e q u ilib riu m  

value Mo vesu s  tim e  on  a  sem ilogarithm ic  p lo t fo r a  s ing le  c ry s ta l o f  M n i 2 . T h e  

sam ple  w as coo led  to  2 .2K  in zero  field an d  th e n  ex p o sed  to  a  fie ld  o f  12.5 a n d

13.5 kO e ap p lied  a long  th e  easy axis o f  m ag n e tiz a tio n . T h e  s tra ig h t lines a re

fits to  a n  e x p o n e n tia l fu n c tio n  fo r t im e  t > 2000s. T h e  in se t show s th e  (sp in-)
U

p o te n tia l fo r M n X2 in  th e  p resence  o f a  lo n g itu d in a l m ag n e tic  field.
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p lo tted  in  Figs. 3.3 and 3.4 as a  function o f th e  to ta l long itud inal m agnetic field 

Htotai =  H  +  a(4irM)-, th e  first te rm  is the externally  app lied  field H  and the  second 

te rm  is th e  in ternal con tribu tion  due to  the sam ple’s m agnetiza tion . Here we used 

a  =  0.57 obtained  from earlier m easurem ents by  Friedm an [19] on sim ilar sam ples.

Several observations can be readily made from  th e  d a ta . (1) T he m ain features 

of th e  r  vs .H z curves confirm  th e  results ob tained  from  hysteresis m easurem ents: 

th ere  is faster relaxation a t approxim ately regularly spaced  values of the  m agnetic 

field. W ith in  th is range of tem p era tu re  five peaks or resonances a re  observed, labeled 

by “step  num bers” N  =  0 ,1 , 2 ,3 ,4 . (2) Some of th e  resonance peaks corresponding 

to  th e  “steps” in the hysteresis loops exhibit add itional in te rn a l structure. M ost 

noticeably, th e  N  »== 2 and  N  =  4 peaks sp lit in to  tw o or m ore small peaks a t  

the  h igher tem peratures. T h e  N  =  1 and N  =  3 resonances have m uch sim pler 

s tru c tu re . However, a  careful exam ination of th e  IV =  3 resonance a t T  =  2.20 K  

reveals th a t  it  also consists o f  two closely spaced peaks. T he  N  =  0 peak exhib its 

no ap p aren t s tructu re  a t the  tem p era tu re  of 2.60 K e f  o u r m easurem ent, or a t  o th er 

tem p era tu res  m easured earlier [23]. (3) Unlike m ost sp ec tra , w hich generally becom e 

sharper an d  m ore detailed  as th e  tem perature  is reduced, i t  is interesting to  no te  

th a t th e  s tru c tu re  is m ore com plex a t higher tem pera tu res . This is particu larly  clear 

for th e  N  =  4 resonance w here th ree m axim a are  clearly  seen a t  2.00 K, while only 

one m a jo r peak (probably w ith  a sm all right shoulder) is p resen t a t  1.80 K. (4) T h e  

separation  of approxim ately 0.10 T  between two neighboring peaks of the N  =  4  

resonance is twice as large as in  the  case of the  N  =  2 resonance, where it is abou t 

0.05 T  (see th e  T  =  2.00 K an d  2.47 K curves, respectively).
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Figure 3.3: R e lax a tio n  ra te  as a  function  o f m ag n e tic  field. Htotai app lied  along 

th e  easy  axis o f  a  single c ry s ta l o f  M n i2 * H e re  Htotai — H  +  or(47rAf) w ith  a  =  0.57.
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Figure 3.4: Relaxation rate at several tem peratures as a function o f  longitud inal 

m agnetic field, displaying detailed structure w ith in  th e  N  =  1, N  =  2, N  =  3, 

and N  =  4 resonances.
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3.4 Discussion

Hysteresis and earlier relaxation studies of M ni2 indicated re la tive ly  sim ple s tru c tu re  

in th e  form  of a  series of clean steps, each due to energy coincidences of a  p a ir  of 

levels (corresponding to spin projections) on opposite sides of th e  anisotropy bar­

rier. In  con trast, ou r detailed studies reveal th a t  each resonance corresponding to  a 

step displays ra th e r complex s truc tu re . These spectra con tain  deta iled  inform ation 

concerning th e  energy s tru c tu re  of th e  m agnetic sublevels in  each well an d /o r the 

tunneling process itself.

T he observed s tru c tu re  could be caused by splitting by in te rn a l d ipolar or hyper- 

fine fields o f individual spin s ta tes  w ith in  each potential well. R ecent experim ents 

have shown th a t  d ipolar fields play a  negligible role [34]. O n  th e  o ther hand, the  

hyperfine fields associated w ith the  5 /2  spin o f the Mn nuclei have been estim ated  

at about 300 — 500 Oe [33], so th a t each level with m agnetic  q u an tu m  num ber m  

is broadened (or split) into ~  2.2 x 109 nearly  continuous sublevels. However, the 

struc tu re  we observe would require a  com plex energy d is tr ib u tio n  which would be 

difficult to  justify. I t is suggested instead  th a t the  spectroscopic features arise from  

the fact th a t different pairs of m agnetic sublevels on opposite  sides of th e  anisotropy 

barrier do not cross sim ultaneously, so th a t tunneling takes p lace a t slightly different 

values of the  m agnetic field, as shown in th e  previous chap ter.

Let us recall th e  H am iltonian of M ni2 up to  fourth-order te rm s: "H =  —D S \ ~ h bH - 

g-S  — A S^ + C (5 + + 5 1 )  which determ ines th a t a  level in  th e  m e tastab le  potential well 

w ith m agnetic quan tum  num ber m  comes into resonance w ith  level m! in  the  stable 

well a t a  longitudinal m agnetic field H  given by: Hz =  [ l +  (m 2 +  .
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As a  consequence, different pairs o f levels to , to 7 on opposite sides of th e  an iso tropy  

barrier come into resonance a t slightly different m agnetic  fields for th e  sam e step  

num ber N  = | m  + m '  |. Note th a t higher fields are  necessary to bring low er-energy 

pairs (bigger | m  |) in to  resonance, an effect th a t  is m ore pronounced for peaks w ith  

higher num bered steps (due to  the m ultip licative factor N  in the  above eq u a tio n ). 

T he  exact am ount of th is non-sim ultaneuous crossing was calculated in  T ab le  I  w ith  

param eters D, A, gz from  Electron P aram agnetic  Resonance and Inelastic  N eu tron  

Scattering  studies.

N  = 1 N  = 2 II CO II

TO m! H (T ) w! H (T ) ml H (T ) m! H (T )

- 1 0 0.422

- 2 1 0.425 0 0.848 - 1 1.275 — —

- 3 2 0.432 1 0.859 0 1.286 - 1 1.719

- 4 3 0.443 2 0.877 1 1.308 0 1.740

- 5 4 0.458 3 0.902 2 1.340 1 1.776

- 6 5 0.476 4 0.935 3 1.383 2 1.827

- 7 6 0.497 5 0.974 4 1.437 3 1.891

- 8 7 0.522 6 1.021 5 1.502 4 1.971

- 9 8 0.551 7 1.075 6 1.578 5 2.064

-1 0 9 0.584 8 1.137 7 1.664 6 2.172

Table 3.1: Calculated values of magnetic fields a t which a level to in the m etastable well 

is in resonance with level to ' in the stable well, from Eq. reffield. Values for param eters 

D — 0.548(3) K, A = 1.173(4) x 10~3 K, and gz =  1.94(1) are taken from recent neutron 

scattering and EPR experiments.
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Several features of the  observed spectra  are consistent w ith  th is model. As ex­

pected, th e  separation betw een the  sm all neighboring peaks w ith in  th e  N  =  4  reso­

nance is generally larger th an  th a t betw een the N  = 2 peaks, there  is no substan tial 

sp litting  (or shift) for th e  iV =  1 resonance, and none a t  all for N  =  0. M ore­

over, since the tunneling is therm ally  assisted in  th is tem p era tu re  regim e, one m ight 

expect th a t spin reversal th rough  resonant levels near the  to p  of th e  po ten tia l will 

become m ore active, introducing additional channels for tunneling  as th e  tem pera tu re  

is raised. This could account for the  fact th a t m ore com plex s tru c tu re  is observed a t  

higher tem peratures. Q uan tita tive  com parison of the  m easured  peak positions and 

the calculated resonant fields listed in  Table I requires a  reliable determ ination  o f tjie 

value of ct used to  calculate th e  to ta l field Htotai — H  +  a{AirM). Using a  =  0.57 

found in  earlier experim ents on sim ilar material[19], we suggest th a t th e  N  =  1 peak 

centered a t about 0.437 T  a t 2.60 K is associated w ith  tunneling  from  m  =  —3 an d /o r  

—4 in th e  m etastab le well, while a t the lower tem peratures o f 2.47 K and  2.47 K, the  

N  =  1 m axim um  observed a t 0.446 T  is very close to  the  field 0.443 T  listed  in. Table 

I for tunneling from m  =  —4 to  m ' =  3.

O ther features of the d a ta  are m ore difficult to understand  and w arran t fu rther 

discussion. One is tha t there  appears to  be considerably m ore s tru c tu re  in even 

(N  =  2 ,4) th an  in odd (N  =  1,3) resonances w ithin the  range of field and tem per­

ature of our m easurem ents. I t  is puzzling, for example, th a t th e  N  =  3 peak shows 

much less s tru c tu re  than  the N  = 2 resonance (note the  m ultip lica tive factor N  of 

Eq. (1)). A second in teresting feature is th a t the splitting w ith in  th e  N  = 2 and 

N  =  4 steps are too large to  correspond to  the  difference in m agnetic  fields for two 

im m ediately neighboring level crossings {i.e. tunneling from  m  and  (m  —1)). Instead, 

they  correspond more closely to  the field difference for every other level crossing (f.e.
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tunneling from  m  and  (m  — 2)). In  constrast, the  N  =  3 resonance haw negligible 

splitting  and its two closely-m erged peaks are probably due to  im m ediately  neigh­

boring level crossings. T h e se  effects suggest th a t higher-order transverse  anisotropy 

is im portan t in the tu n n e lin g  process.

Two sym m etry-breaking  term s th a t could be responsible for tunneling  have been 

considered: (1) a  transverse  m agnetic field (of hyperfine/dipolar origin, or externally  

applied); and (2) an  an iso tropy  te rm  o f the  form  C(S^_ +  S '!), th e  lowest order al­

lowed by the tetragonal, sym m etry  of M n ^ . O ur d a ta  present a  clear enigm a. O n 

the one hand, the  odd-even asym m etry  betw een steps and  level-skipping w ithin  even- 

num bered steps bo th  suggest th a t transverse anisotropy is responsible for th e  tu n ­

neling. O n the o ther h an d , the  odd and even-num bered resonances have com parable 

am plitudes, albeit a t d ifferent tem peratures. This implies th a t  th e  tun n eling is due 

to transverse m agnetic fields.

A simple calculation based on the  m odel H am iltonian as in C h ap te r 2 (Eq. 2.2) 

has been made. A ssum ing a (static) transverse m agnetic field of 500 Oe consistent 

w ith form er estim ates [33], and using C  =  2.9(7) x  10s K derived from  experim en t[24], 

we calculated the  tunnel splittings by diagonalizing the 21 x  21 m a trix  representing 

the spin H am iltonian of M n X2 of Eq. (1). The tunnel splittings, therm al popu­

lation factors, e- E™,-io/kT, ancj the  tunneling probabilities ob tained  from  the  product 

of therm al population fac to r and  tunnel sp litting  squared, are listed in Table 3.4 for 

several pairs of levels (rrz, m') w ithin steps N  =  1 and N  =  2. U nfortunately, the  

results do not produce thte right ratio  of am plitudes between theses peaks for any val­

ues of the param eters: th e  odd-even asym m etry  requires th a t transverse anisotropy 

dom inate, while the com parab le  am plitudes require th a t a  transverse field be the  

dom inant sym m etry-breaking term . W hich m echanism  is responsible for tunneling  in
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th is m aterial is an  in teresting  question th a t has y e t to  be resolved.

— m m ' (K) e E m, - i0/ k T
A m,m ' eE m - lo /k T  ( K 2)

N  =  2 

T  =  2 .42 K

- 4 2 3 .7  x  10~2 8.41 x  1 0 - 10 1.15 x  10“ 12

- 5 3 3.8 x  10-2 5.11 x  1 0 ' 9 7.30 x  10“ 12

- 6 4 2.4 x  10“ 4 5.62 x  10 ~ 8 3 .24  x  10"15

- 7 5 1.9 x  10“ 4 1.17 x  10“ 6 4.22 x  10-14

N  =  1 

T  =  2.60 K

- 5 4 5.1 x  10“ 3 6.29 x  1 0 ~ 9 1.63 x  1 0 - 13

- 6 5 1.5 x  10-5 7.11 x  10“ 8 1.60 x  10"17

T a b le  3.2: Resonant tunnel sp littings calculated through Eq. 2 .2 , A mim/, th e  B o ltzm an n  

factor, eEm' - l° / kT, and th e  tunneling probability p  g iven  by the product o f  A ^ >m/ and  

eEm,-io/kT are s howri for several pairs o f  levels (m ,m ’) . H ere D  =  0 .548(3) K, A  =  1 .173(4 ) x  

10-3  K, g =  2, H x =  500 O e, C  =  2 .9(7) x  10~5 K. T h is sim ple calculation does n ot produce  

the right ratio o f  am plitudes between peaks (not even on th e  correct order o f  m agn itu d e). 

N ote that relative to the N  =  2 resonances, the N  =  1 resonances are a t least an order o f  

m agnitude smaller.

Leuenberger and Loss [38] and Pohjola and Schoeller [39] recently presen ted  a  

com prehensive theory of th e  m agnetization re laxa tion  in  M ni2 in the th erm ally  as­

sisted tunneling regime. T he  relaxation ra te  as a  function  of longitudinal m agnetic  

field was calculated using a  H am iltonian th a t includes spin-phonon in teractions, quar- 

tic  m agnetic anisotropy and  a weak transverse field. T hey  obtained sa te llite  peaks 

qualitatively  sim ilar to those shown in Figs. 3.3 an d  3.4 whose am plitude an d  w idth  

they  investigated [38] for various angles betw een th e  sam ple easy axis and  th e  field 

direction. Q uantita tive agreem ent between the ir th eo ry  and our experim ental obser­

vations requires a  substan tia l transverse m agnetic field, due perhaps to  m osaic spread
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or un in ten tio n al m isalignm ent o f th e  sam ple w ith respect to  th e  m agnetic field direc­

tion. However, th e  mosaic sp read  of approxim ately 0.4 degrees [29] found for M n-12 

crystals is too  sm all to account for our observations, and  th e  degree of m isalignm ent 

required to  give a  sufficiently large transverse com ponent is well outside our experi­

m ental m arg in  o f uncertain ty  and  would yield different resu lts  each tim e a sam ple is 

m ounted an d  aligned.

To conclude th is chapter, we n o te  th a t the  point-by-point re laxation  m easurem ents 

presented in  th is  paper represent a  novel form of spectroscopy. “Spectra” ob ta ined  

from such m easurem ents allow deta iled  studies of th e  tunneling  process, and provide 

im portan t inform ation  regarding th e  dom inant tunneling p a th s  a t different tem p era­

tures and  m agnetic  fields.
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C hapter 4 

M agn etic  R elaxation  S tu d y  o f  

M n i2-a ce ta te  b elow  1 K.

A powerful m easurem ent technique com bining micron-scale H all-effect m agnetom etry  

and  sub-m illim eter single crystals o f high-spin molecules has been  developed to  enable 

th e  study of m agnetization  tunneling in  these  m aterials a t tem p era tu res  below 1 R: 

This work was in itia ted  in collaboration w ith  Andrew K ent an d  Louisa Bokacheva 

in the laboratory  of Professor K ent a t New York University, an d  th en  continued 

a t  City College using Hall bars provided by Professor Eli Zeldov of th e  W eizmann 

Institu te . In this chap ter, I shall first list the  m any advantages o f m icron-scale Hall 

M agnetom etry in com parison w ith o th er low tem peratu re  m agnetic  m easurem ent 

techniques. I will th en  describe in detail th e  experim ental procedure. Finally, I  will
I

present experim ental d a ta  for the  m agnetic  relaxation o f M n ^  dow n to  0.4 K from  

our first successful run  based on th is m ethod. O ur d a ta  reveal a  sh a rp  transition  from 

therm ally  assisted to  ground s ta te  tunneling  which will be  in te rp re ted  in  light of the 

recent theory by Chudnovsky and G aranin [14].

52
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4.1 Background on Hall magnetometry

In our study, th e  m otivation  to  use Hall m agnetom eters to  investiga te  Q u an tu m  Tun­

neling of M agnetization  originated from strong  in te rest in  tra c in g  th e  p roperties o f 

therm ally  assisted t u nneling in  M ni2 down to tem p era tu res  below  1.7 K available in  

com m ercial SQUID m agnetom eters [31]. T he h igher-num bered  s tep s have progres­

sively faster m agnetic  relaxation because th e  an iso tropy  b a rrie r  is lowered by  th e  

applied field. Therefore, m easurem ents a t lower tem p era tu re  a re  needed to  observe 

them . For exam ple, i t  has been estim ated th a t “step  num bers” up  to  N  =  19 should 

be observed w ith  th e  tem p era tu re  reduced to  near 10 m K . However, i t  is difficult to  a t­

ta in  such low tem p era tu res  using SQUID techniques in  s tan d a rd  com m ercial devices. 

Relative m otion  betw een th e  sam ple and the  d e tec tio n  coils, a  s tan d a rd  technique
f .

applied in alm ost all contem porary  SQUID m agnetom eters, m akes i t  ex trem ely  diffi­

cult to m ain ta in  low tem peratu res. A Hall probe does not involve m echanical m otion 

and  can be easily anchored to  the  coldest p a rt o f  a  cryosta t, thus m ak ing  i t  a  good 

candidate  for low tem p era tu re  studies of high-spin m olecules.

Hall m agnetom etry  has been developed in  recen t years as a  pow erful technique to  

m easure m agnetic  properties o f small particles [57, 58]. Classically, i t  is well known 

th a t the transverse H all voltage generated in  a  long s trip  geom etry  o f thickness t  in  

th e  presence of a  m agnetic  field B  normal to  th e  H all bar p lane is given by:

I B
VH =   -----  (4.1)qtn3D

where I  is th e  cu rren t, u3d is th e  3-dimensional carrier density  an d  q  is th e  carrier 

charge. Since Vjj is p roportional to both  th e  cu rren t I  flowing th ro u g h  th e  Hall bar 

and  the  m agnetic field B ,  th e  Hall coefficient can  be defined as,

=  =  ^  (4l2>
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t

Figure 4.1: D iag ram  o f  th e  classical H all effect. A  H all v o ltag e  (V //) is p re se n t 

w h en  th e  L o ren tz  fo rce  fro m  th e  m agnetic  field on  th e  d rif tin g  e lec tr ic  c a rr ie rs  

is balanced  b y  th e  s ta t ic  H all (e lec tric ) field on  th e  sam e  c a rr ie rs . T h is m e th o d  

also y ields a  pow erfu l e x p e r im e n ta l to o l in u n d e rs ta n d in g  m an y  im p o r ta n t  p h e ­

n o m en a  in  m o d e rn  p h ysics .
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which, m easures a Hall b a r’s capab ility  to  transform  a (sm all) m agnetic  field into a 

(large) Hall voltage a t a  specific working current I.

The Hall bar technique is straightforw ard to apply because of th e  near linearity 

of the Hall signal over a  wide range of m agnetic fields and tem p era tu res  (in which 

quantum  effects play a  negligible role). T he m agnetic signal can therefore be easily 

obtained from the m easured Hall voltage by sim ply m aking a linear transform ation.

As w ith SQUIDs, Hall probes can be configured as gradiom eters, enabling high 

sensitivity m easurem ents in large ex ternally  applied m agnetic fields. This im portan t 

feature makes it possible to  m easure the  (relatively small) m agnetization  change (for 

M nl2-acetate, 47rM  a t sa tu ra tion  is about 600 Gauss [19]) in th e  presence of a  large 

external field which is usually of th e  order of several Tesla.

In a usual SQUID m easurem ent, the  sam ple flux is transferred v ia  a  superconduct­

ing pick-up coil to the inpu t coil o f th e  SQUID. However, this technique is unsuitable 

for the study  of subm illim eter size single crystals since th e  spatia l separation  of pick­

up coil and SQUID leads to a very sm all coupling factor. In a Hall b a r m easurem ent, 

the single crystal can be coupled very closely (w ithin several m icrons) to  the Hall 

sensor area. Further, the  size of th e  probe can be easily m atched  to  th e  samples and 

the experim ental space. For sm all sam ples, m icron sized probes can  be fabricated, 

resulting in a  large flux filling factor which can significantly im prove th e  coupling of 

flux to the sensor to result in a  high sensitivity.

In addition, Hall devices opera te  over a  m uch wider range of applied  field and 

tem perature than  a SQUID. SQUIDs, usually  fabricated from N b-A 10x-N b layers,
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axe superconducting only w ithin a  certa in  range of field and tem pera tu re . For Hall 

bars, the applied field and tem peratu re  range can be substantially  ex te n d e d  in  which 

high spin molecules can be studied in g rea t detail.

In  short, Hall bars axe a valuable tool for the  m easurem ent of m ag n etiza tio n  at 

low tem peratures because of their ease o f use, high sensitivity, and wide tem p era tu re  

and field range.

T he choice of sensor m aterial and thickness can critically influence th e  perform ance 

of a  Hall bar, as is clear from Eq. 4.1. Tw o types of Hall sensor m ateria ls h av e  been 

com m only used for the purpose of m agnetom etry: the first type is h igh  m obility 

3D bulk (or thick films) of sem iconductors (such as InGaAs) and the  second  type is 

high m obility 2D heterostructure (such as G aA s/A lG aA s). A rough e s tim a te  from 

the  knowledge of carrier densities in these m ateria ls1 yields the follow ing typical 

values of the Hall coefficients: Rh  =  0.1 fi/G auss for a 2D sam ple com pared  with 

R h  =  0.1 m O /G auss for a 3D bulk sem iconductor (at 1 fj.m thickness). Higher 

current is necessary to produce the sam e voltage response in 3D m ateria ls, resu lting  

in g reater power dissipation, and consequently heating, to the sam ple as well a s  larger 

unw anted sensor self-fields.2 Clearly, 2D heterostructures are typically th re e  orders 

of m agnitude better than  3D sem iconductors in transform ing a sm all m ag n e tic  signal 

from  the  sample into a  substantial Hall voltage. In this Chapter, m y discussions will 

be related  to 2D Hall bars only.

1In a 2D system tn3o  evaluated at t —»• 0 becomes the 2D carrier density n3d -
2The small local magnetic field generated by the working current I  can be measured by the Hall

bar itself and should therefore be minimized.
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4.2 Measuring magnetization with Hall bar mag­

netometers

2D H all bars from two different sources were used in  our stud ies. O ne ty p e  o f H all 

bar is from  Professor A ndrew  K ent a t New York U niversity. I t  is a  high m obility  

G aA s/G aA lA s 2D hole gas sam ple  w ith  carrier density  n 2£> =  3 x  1011 cm -2  and  

m obility  y{5K )  =  105 cm 2/V s . T he  linewidths for the  cu rren t and voltage probes 

range from  1 to 10 y m and th e  hetero-interface is 100 n m  below th e  surface. T he 

o th er ty p e  of Hall bar is from  Professor Eli Zeldov a t th e  W eizm ann In s titu te  of 

Science, Israel. It consists o f  a n  array  of microscopic H all sensors realized in  a  2D 

electron  gas formed a t a  G aA s/A lG aA s interface as shown schem atically  in  Fig. 4.2. 

The typ ical 2D electron d ensity  in these samples is around  n 2£, =  5 x  1011 cm -2 

and sim ilar m obility y{5K )  ~  105 cm 2/V s. Zeldov’s H all bars enable high sp a tia l 

resolution m easurem ents on sm all crystals. Aside from  th e ir difference in carrier ty p e  

and sligh t variation in carrier density , these two types of H all bars share m any basic 

features in their application as sm all H all effect m agnetom eters.

4 .2 .1  In stru m en t p rep a ra tio n

A hom e-m ade current source ( /  =  0.1 — 10 yA ,  A C /D C ) was used  to  generate a  highly 

s tab le  working current I  flowing th rough  the  Hall bar. A d iag ram  o f th e  m easurem ent 

setup  is shown in Fig. 4.3. In its  AC m easurem ent m ode, th e  cu rren t source receives 

an AC voltage input from  a Lock-in Amplifier (S tanford R esearch  System s, M odel 

SR850 D SP) and generates a h igh ly  stab le  current (a t th e  sam e AC frequency) to  th e
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(Small) Magnetic Sample

Horizontal View

Top View
10 urn

F igu re 4.2: S ch em atic  d iag ram  o f  th e  H a ll sensors from  D r. Z e ld o v . I t  is show n 

as a n  a r ra y  o f  G aA s/A lG aA s tw o -d im en sio n al e lec tron-gas H a ll sen so rs  w ith  a n  

active  a re a  o f  10 x  10 p m 2 an d  a n  ev en  se p a ra tio n  o f  10 fim2.
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----------1
Hall Bar

Homcbuilt AC 
current source 

unit
ourout;

‘OUT

Lock-in Amplifier 
SR850*Stanford

Figure 4.3: D iagram  o f  th e  H all m easu rem en t se t-u p .

Hall bar. T he AC voltage is then fed in to  th e  Lock-in Amplifier to  get tim e  averaged 

in tegration to  produce the  final Hall voltage V /j. T he fluctuation in cu rren t I from  

the current source is as small as 0.05% (or 0.5 nA a t 1 fiA). Careful a tten tio n  was 

paid to reducing electrical noise by connecting r f  filters to  wires which go inside the 

He3 cryostat.

All Hall bar m easurem ents were carried out in a He3 crystat which can  cool the 

sam ple down to a much lower base tem p era tu re  (typically 0.3 K) th an  a  He4 cryostat. 

Oxford-Heliox, the He3 system  used a t C ity  College has a  top-loading sam ple probe 

equipped w ith  a  horizontal sample ro ta to r w ith  an acuracy to  0.1°. T he H all bar is 

m ounted onto a  home-made socket rigidly anchored in  the space w ithin th e  sam ple
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ro ta to r holder. In the  ex p erim en t, the Hall bar on th e  probe is lowered in to  th e  

Heliox insert, and cooled to  its target tem perature . Oxford-Heliox achieves a  base 

tem pera tu re  of about 240 m K , a  substantial base tem p era tu re  decrease com pared to  

o ther He3 systems (It is alw ays desirable to study pure ground s ta te  tunneling  a t  an  

even lower tem perature.) I n  addition, the cryostat is equ ipped  w ith  a  12 Tesla m agnet 

which can produce a  DC fie ld  even larger than  th e  anisotropy field of M ni2-ace ta te  

(10 T ).

T he D ata  Collection Softw are and GPIB User Interface (by LABVIEW ) were ex­

pertly  designed and tested  b y  my colleague Kevin M ertes. T h e  values of tem p era tu re  

T, m agnetic field H, Hall vo ltage V/f, longitudinal resistance Rxx, and curren t I were 

autom atically  recorded d u rin g  th e  experim ent.

4 .2 .2  H all bar ch a ra c ter iza tio n

The em pty  Hall bar needs t o  be well characterized before th e  sam ple is placed onto  

it. T he characterization prov ides im portan t inform ation for th e  Hall b a r such as 

its carrier density, m obility  and tem perature dependence. T hese num bers n o t only 

reflect th e  quality of a Hall bar, influencing our decision on w hether to  use it, b u t 

also provide a conversion ta b le  in la ter m agnetization m easurem ents to  allow accurate  

conversion from m easured H all voltage to sample m agnetization.

H a ll b a r  p la n e  p e r p e n d ic u l a r  to  m a g n e tic  f ie ld

Before a  Hall bar is loaded in to  the  insert of the Heliox cryostat, the  Hall bar p lane is 

aligned approxim ately p erp en d icu la r to the m agnetic field, or th e  probe axis, by using 

the  sam ple rotator. T he ex p erim en ter should pu t down such im p o rtan t inform ation as
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the  readings o f th e  sam ple ro ta to r when th e  Hall bar plane is (roughly) perpendicular 

and parallel to  th e  field direction, and to  which direction th e  H all b a r  p lane will ro ta te  

if the ro ta to r knob a t the top o f th e  probe is tu rned  clockwise o r counterclockwise 

(top view). T his seem ingly triv ial step should never be bypassed  since a  ro ta tio n  of 

the Hall bar in  th e  wrong direction (or over-lim it ro ta tion) could  easily break a  th in  

wire, w asting a  lot o f sam ple p reparation  tim e, and we have no way to  obtain  th is 

inform ation afte r the  sam ple probe is loaded into th e  insert.

Two typical V/y vs. H curves m easured in th is perpendicu lar configuration a t two 

different tem p era tu res  are shown in Fig. 4.4 for a  Zeldov H all bar. T here is always 

a good linear p a r t  near H  =  0, up to  abou t 0.8 T . Q uantum  p la teau s  s ta r t  to  set in 

a t about 1 Tesla. However, for reasons w hich will be discussed la te r, th is non-linear 

deviation will no t com plicate th e  m agnetization  m easurem ent. From  th e  curve, th e  

slope of the  linear p a rt near H  =  0 can be ob tained  to  get R^-. Several V/y vs. H 

curves a t difference tem peratures between 2 Iv and 0.24 K should b e  obtained  to  allow 

assessm ent of th e  tem p era tu re  dependence of the  Hall resistiv ity  a t  low tem peratures. 

For Hall bars provided by Zeldov, the change of slope w ith tem p era tu re  near H  =  0 

is negligible below 1.7 K (see Fig. 4.4).

H a ll  b a r  p la n e  p a r a l le l  to  m a g n e t ic  f ie ld

The next step is to  ro ta te  the Hall bar p lane into a  position para lle l to  th e  m agnetic 

field. T he m ost convenient way to  do this is to  apply a large an d  constan t m agnetic 

field (typically 3-5 Tesla) and m onitor th e  decrease of Hall voltage while ro ta ting  the  

Hall bar plane. Since th e  Hall voltage is only related  to  the  perpend icu lar com ponent 

of the (fixed) field H~ =  H s in 0 , a  (near) parallel o rien ta tion  can  be achieved by 

reducing the H all voltage (or m ore accurately, R^y) to  a value as close to  zero as
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6

1.65 K

4

Quantum Regime

2

l in e a r  regime0

1 2 30
H  (T)

F igure 4.4: V xy p lo tte d  a s  a  fu n c tio n  o f p e rp e n d ic u la r  m ag n etic  fie ld  H  a t  tw o  

w id e ly  d ifferen t te m p e ra tu re s .  T h e  s tab le  c u r re n t  u sed  is 1.00 n A . T w o  cu rv es  

m e rg e  in  th e  linear reg im e  close to  H  =  0 an d  d iv e rg e  in  th e  q u a n tu m  reg im e . 

H o w ev er, th is  d ivergence  is o f  n e ith e r  in te re s t n o r im p o rta n c e  to  o u r  H a ll m ag- 

n e to m e try .
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possible.

In  th is configuration, R xx is m easured as a function of m agnetic  field H. This 

step needs to  be carried out for th e  following reason. U sually  th e  voltage leads on 

a  Hall bar are not perfectly sym m etric  (see Fig. 4.5), and th e  tin y  m isalignm ent of 

voltage leads can adm ix some RxX com ponent into the m easured  H all voltage. This 

can create a  very unsatifactory s itu a tio n  if R xx has a strong  field dependence which 

then introduces an unwanted large change in the m easured Hall voltage which is 

to tally  unrelated  to the m agnetization change of the sam ple. O f course, due to  the 

difference in sym m etry for Rxx and  R^y as a  function of field, a  correct Rxy vs. H  

curve can always be obtained by separating  these two com ponents. However, this 

m ethod will generate large experim ental error. Knowledge of th e  RxX vs. H  curve 

for a  Hall b ar in this orientation m inim izes the  need for th is  sepaxation procedure. 

Fortunately, for samples both from NYU and the  W eizmann, RxX is a  sm ooth function 

of H  (see Fig. 4.5). Therefore, even in a  case when there is a  slight m isalignm ent of 

voltage leads in the  Hall bar, it only contributes a near-constant shift to  th e  m easured 

voltage.

F u rther characterization could be applied such as m easuring R xx vs. H  curves 

in the perpendicular orientation and  Rxy vs. H  curves in  th e  parallel orientation. 

This will provide more detailed inform ation on a Hall bar even though  th e  two tests 

m entioned above should be sufficient for the  purpose of using H all bar as a  low 

tem pera tu re  m agnetom eter.
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Figure 4.5: M isa llignm en t o f  vo ltage leads in  a  H all b a r  (e x a g g e ra te d  in  th is  

d iag ram ). T h is  can  in tro d u c e  a  large  Rxx c o m p o n e n t in to  th e  m e a su re d  v o ltag e  

b e tw een  tw o vo ltage  leads. A typ ical Rxx v s . H  cu rv e  is show n in  th e  lo w er p a r t  

o f  th e  sam e figure.
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4 .2 .3  S in g le  crysta l s e le c t io n  an d  m a g n e tiz a tio n  ’’ava lan ch es” 

a t lo w  tem p era tu re

T he sam e m ethod  for choosing a good single crystal described in  C hapter 3 can  be  

applied  here even though the  crysta l will be finally placed on to  a  H all bar instead  o f 

a ro ta to r  p la te . However, a  m ajo r difference between m agnetiza tion  m easurem ents a t  

tem p era tu res  above 1.7 Iv w ith a  SQUID m agnetom eter and  a t  lower tem peratu res 

w ith  a  H all b a r is the size of th e  single crystal sam ple used. In  a  SQUID m ea­

su rem en t, bigger single crystals are  highly desirable in o rder to  yield bigger sam ple 

m agnetiza tion  signals. Therm alization  of the  big crystal (usually  w ith  He4 gas a t  a  

specified tem peratu re) is not a  problem  in this tem pera tu re  range. However, a t th e  

lower tem p era tu re  where Hall bar m easurem ent were perform ed, single crystals one 

or two orders o f m agnitude sm aller should be used. This size requirem ent is a  d irect 

consequence o f difficulties in therm alizing  the  sam ple a t low tem peratu res.

A t lower tem peratures, sam ple heating  due to the  so-called “avalanche” effect has 

m ade it  h a rd  to  obtain clean resu lts [17]: the  m agnetization of th e  sam ple ab ru p tly  

sw itches to  its satu ration  value w ith  a sharp  increase in sam ple  tem peratu re . Mi­

croscopically, th is  corresponds to a  process of spin-phonon in teractions w ith positive 

feed-back —  w ithout an effective w ay to transfer to the  m ain  b a th  th e  energy released 

after th e  spin  reversal of some m agnetic molecules, p a r t o f th e  energy rem ains in  th e  

sam ple an d  causes local heating  which prom otes more spins to  reverse their m agnetic 

m om ent, w hich in tu rn  causes m ore heating, and  so on. U nfortunately , avalanches are  

m ore likely to  occur at lower tem p era tu res  due to the T 3-dependence of the  crystals’ 

heat capacity .

To overcom e this problem, m uch sm aller M nl2 single crystals (m icrom eter-sized to
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Figure 4.6: E x p e rim e n ta l d a ta  show ing “ A v alan ch e” o f m ag n e tiza tio n  due to  

p oo r th e rm a liz a tio n  betw een  sam ple a n d  m ain  b a th .
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sub-m illim eter) were used to  maximize the surface-to-volum e ratio  to  allow effective 

heat transfer. Accordingly, micron-scale Hall probes were needed to  study th e  m ag­

netic  properties o f these sm all samples. Careful a tten tio n  was also paid  to  get b e tte r  

sam ple therm aliza tion  to the  bath  so th a t the h ea t generated  during relaxation can. be 

effectively carried away. T he working current o f th e  H all b ar was reduced to  ~  1/xA 

to m inim ize power input from  the m easurem ent c iru it (and  a t th e  sam e tim e still 

m ain tain  a  good signal-to-noise ratio). A fter these careful improvements, tem pera­

tu re  stab ility  of the  sam ple was finally achieved to  allow a  controlled low tem p era tu re  

study.

4 .2 .4  M ak in g m eausu rem en ts

A th in  layer of non-m agnetic low-tem perature grease (of the  same Lakeshore b rand  

as m entioned in th e  last chapter) is applied on th e  surface of the Hall bar and a  

subm illim eter M ni2 single crystal is placed on top o f it. This configuration is p ictu red  

in Fig. 4.7 and illu stra ted  schematically in Fig. 4.8. T he  square edge of the  single 

crystal is positioned very close to  one of th e  crossings betw een current line and voltage 

line to yield m axim um  flux coupling to the  active area of the Hall bar. T he  c- 

axis of the  single crystal can be easily recognized as th e  longest dimension of th e  

parallelepiped, and its in-plane orientation is ad justed  such th a t the m agnetic field 

is parallel to the c-axis (w ith  an error of several degrees) when the Hall bar plane is 

ro ta ted  into a parallel position with the m agnetic field.

Before a  m easurem ent, th e  Hall bar plane is fine-tuned by the  sample ro ta to r to  be  

parallel w ith the field. This orientation can be easily achieved by making sure th a t th e  

H all voltage doesn’t  change w ith m agnetic field w hen th e  M ni2  single crystal is in its
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Figure 4.7: FIG . 4.7: A  photo o f  a  M n i2  single crysta l on  H all bar.
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F igure 4.8: D iag ram  o f  th e  e x p e rim e n ta l s e t-u p  o f  a  typ ica l m ag n e tic  m o m en t 

m e asu re m e n t using  m icron-sized  H all b a r  a t  te m p e ra tu re s  below  1 K .

sa tu ra ted  s ta te  above th e  blocking tem pera tu re . In  th is  configuration, th e  m agnetic  

field has no perpendicular com ponent to  th e  Hall b a r plane. Therefore, no  m a tte r  

how high the  externally  applied field, the  H all bar active area can only sense th e  flux 

generated  by the single crystal sample. O n th e  o ther hand, the m agnetization  of th e  

sam ple can be influenced by the large m agnetic field applied parallel to  its  c-axis. 

T his cleverly chosen geom etry  effectively separates th e  sam ple’s signal from  th a t ' o f 

th e  ex terna l field, yielding a  highly sensitive m agnetization  m easurem ent.
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Therefore, the  m easured Hail voltage is only proportional to  th e  coupled flux from  

th e  sam ple which is again proportional to the sam p le’s m agnetic  m om ent.

Vh  oc R h I $ sample oc R h I (4 ttM ). (4 .3 )

B y in troducing  a  “coupling constan t” a  which m easures the  coupling between sam ple 

and  Hall sensor area, th e  above equation  can be rew ritten  as

Vjj = aR fjI(4 irM )  (4-4)

a  depends on m any factors such as sam ple shape, edge distance to  the  sensor active 

area  and  th e  thickness of th e  grease. Typical values o f or in  our experim ents are 

betw een 0.2 and 0.5.

For M ni2 , 4 7rM  in the  sa tu ra ted  s ta te  Ms  has been estim ated  a t about 0.06 

Tesla [19]. For a typical Hall m easurem ent in this study, I  =  1  fiA , R jj  =  2kflA ~1T ~x, 

and a  =  0.3, th is m agnetic m om ent can be am plified in to  a  sizable Hall voltage of 

36 f i V .  W ith  the stablity  of the hom e-m ade cu rren t source, a field sensitivity  of 

0.2 Oe can be achieved for th e  Hall bar as a  low tem p era tu re  m agnetom eter. T he 

above num bers dem onstrate the capability  of using Hall bars to  study  m agnetization 

tunneling  in  M ni2-acetate.

Since th e  m axim um  perpendicular com ponent a  Hall b ar active area can sense is 

oi[4-kM s ) which is about several hundred Oe, only a very sm all portion near H  =  0 

in Fig. 4.4 is relevant in converting sam ple m agnetization  to  Hall voltage. T h a t is 

why I claim ed th a t the existence of high field q u an tu m  p lateaus does not affect the  

problem  a t  all.
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4.3 Low temperature magnetic hysteresis in M1 1 1 2- 

acetate

Precise m ganetization m easurem ent of sm all single crystals o f M ni2-ace ta te  were per­

formed down to 0.4 K using high sensitivity Hall m agnetom etry  as discussed above. 

D ata analysis using the spin H am iltonian w ith  param eters determ ined  by E P R  and 

Neutron Scattering experim ents (C hapter 2 ) reveals an  ab ru p t, or first-order, transi­

tion between therm ally  assisted  and pure quan tum  tunneling , as suggested by recent 

theory.

4 .3 .1  E x ten d in g  h y steres is  s tu d ies  to  lo w  tem p era tu res
*•

The m agnetization of sm all single crystals of M n i 2  in th e  form  of a  parallelepipeds 

(50 x  50 x 300/im3) was m easured  using a  micron-sized H all m agnetom eter. Careful 

a tten tion  was paid to reducing  electrical noise and to  therm alizing  th e  sam ple. The 

tem perature was m easured b o th  a t the cold stage of th e  cryostat and w ith  a  small 

resistance therm om eter m o u n ted  within a few m m  of th e  sam ple. These m easurem ents 

were always w ithin 50 m K  of one another. Fig. 4.9(a) shows a typical portion  of a 

hysteresis curve m easured a t 0 .4  K starting  from  a dem agnetized s ta te , M  =  0, and 

m easured at a ram p ra te  of 0.1 T /m in , w ith the  field applied  along th e  easy axis 

(within a  few degrees). (P lease  note th a t the c-axis of a  M n12-aceta te  single crystal 

is the same as the easy axis in terna l to the  molecule). P rom inen t step-like changes 

in m agnetization are observed a t fields between 3 and 5 Tesla. T he high quality 

of the d a ta  is evident from th e  large signal-to-noise ra tio  in  th e  d M /d ff  versus H  

curve which has well-defined peaks, as shown in  Fig. 4.9(b). Each peak corresponds 

to a step (faster relaxation) in  the parent curve of M  versus H , or a  m a x i m u m  in
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th e  m agnetization relaxation  ra te  a t th a t  applied field, sam ple m agnetization  an d  

m easurem ent tem perature. T he  peak positions provide accurate  inform ation ab o u t 

th e  m agnetic  field a t which a level in  th e  m etastab le  well coincides w ith  a  level in  

th e  s tab le  well. Indeed, a  new  ty p e  of ” spectroscopy” m easurem ent can  be developed 

to  s tu d y  th e  details of th is  level m atch ing  picture to  o b ta in  essential physics o f th e  

system .

Fig. 4.10 shows the derivative o f th e  m agnetization curves d M /d H  versus applied  

field H  a t different tem p era tu res  from  2.4 K to 0.4 Iv. F irs t, above 1.6 K th e  d a ta  

axe in good agreement w ith  previous experim ents. Peaks ap p ear a t  approxim ately  

equally  spaced field in tervals ( ~  0.45 T) and their am plitude is a  strong function of 

th e  tem pera tu re . As the  te m p e ra tu re  is reduced, higher num bered  m ax im a in  dM j'dH  

appear, while lower field peaks decrease in am plitude, again, consistent w ith th e  m odel 

of th e rm a lly  assisted tunneling. Second, on lowering th e  tem p era tu re , th e  peaks shift 

continuously to higher fields. For instance, peak n =  5, a t 2.2 K is a t  2.2 T  and  by  1.4 

K it  has shifted to 2.33 T . T h ird , and  m ost intriguing, a t low tem p era tu re  (T  < 1.2 

K) peaks in dM /dH  shift d ram atica lly  in position as a  function o f tem pera tu re . T his 

is well illustrated  by the behavior of th e  n = 7 peak as th e  tem p era tu re  is reduced. 

T his peak first appears a t 1.6 K a t H  =  3.10 T, grows in am plitude  and shifts to  

significantly higher fields on lowering th e  tem peratu re and, a t 1.0 K, ab rup tly  develops 

a  h igh field shoulder. On slightly  lowering the tem perature to  0.9 K, “spectral” weight 

is transferred  into this shoulder and  a t the  lowest tem pera tu re  th e  peak  rem ains fixed 

in position . This peak has sh ifted  to  3.53 T , by nearly a  full field quan tum  H0, in  

this tem p era tu re  interval. Shifts in  peaks positions of this o rder are  seen for all th e  

steps observed at low te m p e ra tu re  (5 <  n  <  9). Finally, no te  th a t  a t 0.6 K  and  

lower tem perature , the m ax im a rem ain  fixed in field and approxim ately  constant in
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T=0.37K  
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Figure 4.9: H y s te re s is  curve o f a  M n i 2  s ing le  c ry s ta l and  its  f irs t d e riv a tiv e  to  

m ag n etic  fie ld . D a ta  w as b ta in ed  a t  0.4 K  a n d  a t  field  sw eeping  r a te  o f  16.7 O e /s
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am plitude.

T he dependence of the d M /d H  peaks on tem p era tu re  is sum m arized in  Fig. 4.11. 

Here the peak positons, in un its  of to ta l field divided by th e  field quantum , Ho, are  

p lo tted  versus tem peratu re. N ote th a t peaks in itially  sh ift gradually to  higher m ag­

netic field as the tem p era tu re  is lowered. Between 0.6 K  and  1.2 K  the peak positions 

shift abruptly , w ith higher s tep  indices changing position a t lower tem perature. T h e  

solid vertical line dem arcates th e  approxim ate tem p era tu re  a t which these sudden  

shifts in step position occur. Below this line the  step  positions are independent of 

tem perature .

4 .3 .2  D iscu ssion

These experim ents are the  first to  show th a t the steps in  m agnetization of M ni2  are  

not always a t regular field in tera ls and th a t steps shifts to  higher m agnetic fields 

as th e  tem peratu re  is lowered. This shift in peak position  can be understood if  

we (again) take into consideration the fact th a t there  are  higher-order term s in  th e  

spin H am iltonian (Eq. 2.2). T h e  condition for level crossings is thus H  =  N H o(l +  

A /D (m 2 -f- m '2)) and is no longer independent of m . F ields g reater than  NHo are  

necessary to  bring low-lying m agnetic sublevels into resonance, so th a t a  shift in  

peak position to higher field signals a  switch to tunneling  from  a  s ta te  deeper in  th e  

po ten tial well.

T he physcal behaviour can be clearly distinguished in  two different tem pera tu re  

regimes. A t higher tem p era tu re  (above the solid line in  Fig. 4.11) the step positions 

shift gradually  w ith tem pera tu re . This is the regime of th erm ally  assisted tunneling,
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Figure 4.10: F ir s t  d e riv a tiv e  to  field o f  M n ^ ’s h y ste res is  cu rv es  a t  t e n  te m p e ra ­

tu re s . T h e  field is ap p lied  along th e  e a sy  m ag n e tic  axis (w ith in  a  few  d eg rees) 

an d  th e  field ra m p  ra te  is 0.1 T /m in .  T h e  m ain  figure show s th e  d e riv a tiv e  

o f  th e  m a g n e tiz a tio n  w ith  re sp ec t to  a p p lied  field versus field a t  te m p e ra tu re s  

b e tw een  2.4 K  a n d  0.4 K . D a ta  a re  a c q u ired  fro m  M  = 0 a t  c o n s ta n t field ram p  

r a te  o f  0.1 T /m in .  T h e  sm all peaks a t  low  te m p e ra tu re  an d  fields (H /H 0 <  3) a re  

d u e  to  a  sm all m ag n e tic  im p u rity  p h ase  in  th e  c ry s ta l, d iscussed  in  re fe ren ce  [9]. 

D a ta  n e a r  th e  n =  5 p eak  a t 0.4 K  is m u ltip lied  by  10 a n d  offset so  th a t  i t  is 

v isib le on  th e  p lo t.
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Figure 4.11: P eak  p o sitio n s  ( fro m  d irev ativ e  o f  h y s te re s is  cu rves) p lo tte d  sis a  

fu n c tio n  o f te m p e ra tu re . R e la x a tio n  peak  p o s itio n s , Htotal =  H  4 - ot{AirM), n o r­

m alized  to  H0, th e  field q u a n tu m , versus te m p e ra tu re .  T h e  solid line show s 

th e  a p p ro x im a te  te m p e ra tu re  below  w hich p e ak  p o s itio n s  a re  te m p e ra tu re  in . 

d e p e n d e n t.
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w here th e  m agnetic escape is from  therm ally  excited m agnetic levels- We associate 

shifts in step  positions w ith increm ental changes in these levels, such  as from  m to 

m  — 1  (m  negative), as the tem p era tu re  is reduced an d /o r  changes in  th e  relative 

im portance o f a  few levels, which con tribu te  “in  parallel” to  th e  m agnetization  re­

laxation  a t a  given tem perature. Fig. 2 . 6  in C hapter 2  shows th e  enery  levels versus 

field for th e  M n 12 spin H am iltonian (Eq. 2 .2 ). T he solid lines in d ica te  th e  level co­

incidences im p o rtan t to the m agnetic relaxation  in  this tem p era tu re  an d  field range. 

For exam ple, for TV =  6 , the step  positions we find are consisten t w ith  transitions 

from  m  =  — 8  to  m ' =  2 and m  =  —7 to  m ' =  1.

T he  second regim e is a t low tem p era tu re  (below th e  solid line in  F ig. 4.11) in  which 

th e  position of peaks in d M /d H  are independent of tem peratu re . T his is consistent 

w ith  m agnetiza tion  relaxation being of a  pure quantum  n atu re , i.e. tunneling  escape 

occuring from  th e  lowest level in th e  m etastab le  well, m  =  —10. A t 0.6 K  and be­

low, th e  am p litu d e  of the peaks are also tem p era tu re  independent. T h is is additional 

evidence for a  q u an tum  regime in M ni2, as it indicates th a t th e  re laxation  of the  mag­

netization  in th e  m easurem ent tim e window has become tem p era tu re  independent, 

therefore th e rm a l excitations are no longer relevant to the relaxation .

A crossover to  tem perature-independent ground s ta te  tunneling has been observed 

in Fes by Sangregorio et al. [13]. However, these experim ents d id  no t yield any 

inform ation concerning the n atu re  of this transition . I t ’s im p o rtan t to  no te  th a t our 

d a ta  provide a form  of spectroscopy which allows a  determ ination  o f which levels are 

involved in  th e  tunneling.

T he  m ost strik ing  feature of these d a ta  is th e  ab ru p t shift in  step  position, observed
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a t th e  boundary betw een these two regimes. This shift suggests th a t different levels 

become im portan t to  the tunneling relaxation in a  narrow  tem peratu re  interval. T he 

shift in  peak position in  Fig. 4.11 is consistent w ith  th e  change in  levels responsible 

for tunneling illu stra ted  by the dashed arrow  in Fig. 2.6. m  changes by 2 in  an 

interval of 0.1 to  0.2 K. T he abrupt n atu re  of this transition  is evident d irectly  from  

th e  m agnetic hystereis d a ta  in Fig. 4.11. For exam ple, the  shoulder which develops 

for th e  n  =  7 peak a t 2.0 K indicates th a t m etastab le  levels m  — — 8  (m r =  1 ) and 

m  =  —10 (m ' =  3) bo th  contribute to the  m agnetic relaxation a t this tem pera tu re  

b u t a t different easy axis m agnetic fields.

An in teresting possibility  is th a t the ab rup t shift in peak position is evidence for 

a  first-order transition  between therm ally assisted and pure quantum  tunneling, as 

suggested recently by theory [14] (described in detail in C hapter 1 ). In  th is theory  

it is shown th a t for a  sm all uniaxial m agnetic partic le  the energy of th e  quasilevels 

in  the m etastab le  m agnetic well which dom inate th e  m agnetic escape need no t be a 

sm ooth function of tem peratu re . For small transverse field, Chudnovsky and  G aranin  

find th a t the  transition  can be first-order w ith certain  energy levels in th e  m etastab le  

well being skipped entire ly  as the tem peratu re  is varied. Further solid experim ental 

evidence has been obtained to support the  ab rup t natu re  of this transition  [60].
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C hapter 5 

T h e Effect o f a Transverse  

M agn etic  Field on  th e  L ineshape o f  

th e  N  =  0 R esonance

Previous chap ters (2-4) all have one th ing  in common: th ey  are centered  around the  

key experim en tal fact th a t there is a  su b stan tia l higher-order un iax ial anisotropy. In 

th is ch ap ter, I will deviate a little  b it from  th is m ajor th em e of m y thesis to  present 

d a ta  from  relaxation  m easurem ents perform ed for a  narrow  range of longitudinal 

m agnetic fields around the H  =  0 resonance (i.e. around th e  resonance of “step 

num ber” N  =  0 ) in fixed transverse m agnetic  fields betw een 0 and  800 Oe. Interesting 

effects from  such a  transverse field on tunneling  were observed. T hese results will be 

discussed in  light of our current understand ing  of tunneling in  M ni2.

79
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5.1 Motivations for this study

The effect of a  transverse m agnetic field on th e  relaxation ra te  in M n i2  is one of the  

central questions in  understanding th e  tunneling  process in th is  m ate ria l. From  the  

spin H am ilton ian  of M ni2

H  =  - D S 2Z -  fiBH  • g  • S - A S 4Z + C{S% +  S i )  (5.1)

it can  be seen th a t a  Zeeman term  due to  transverse field and  a  higher

order transverse anisotropy C (S + + S i)  a re  the  two possible sym m etry-breaking  term s 

th a t drive tunneling. O f these two, only th e  transverse m agnetic field can  be  tuned  

experim entally  to  change the tunneling ra te  in  M ni2. Experim entally , th e  effect of 

a transverse m agnetic  field on resonant m agnetization  tunneling in  M ni2 has been 

studied by F riedm an et al. [23], who found th rough  hysteresis m easurem ents th a t 

the positions o f  th e  resonances is independent of the  transverse com ponent of the  

field, and is determ ined  solely by the longitud inal com ponent. O n th e  o th er hand, 

it was shown th a t  a  transverse m agnetic field significantly increases th e  relaxation 

rate, bo th  on an d  off resonance for the N  =  1  resonance. Theoretically, G aranin  and 

Chudnovsky [32] developed a model for therm ally-assisted  tunneling  in  M ni2 based 

on such a sym m etry-breaking transverse field te rm  and their theo ry  predicts some 

very in teresting  behavior as a function o f transverse field, such as a  change from  a 

first-order to  a  second-order transition betw een therm ally-activated  relaxation  and 

pure tunneling, as we discussed in detail in  C hapters 1 and 4.

T he experim ent to  be discussed was m otivated  by several issues. F irs t, i t  was 

suggested by several au thors [31, 32], th a t th e  transverse com ponent of a  weak in ternal 

m agnetic field due  to  hyperfine an d /o r d ipo lar field, estim ated a t several hundred 

O e ,. provides th e  necessary tunnel sp litting  to drive tunneling even in  th e  absence 

of any ex ternal m agnetic field (i.e. for resonance AT =  0). If this s itu a tio n  holds
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true, then  by applying externally  a pure transverse field to  M ni2 , we should observe 

th a t the relaxation  ra te  rem ains roughly the sam e w hen the  external field is only 

a  fraction of the  in ternal field, and then  goes th rough  a  crossover un til finally th e  

external field com pletely dwarfs the in ternal one, and  the  ra te  should th en  rise sharply. 

This reasoning needs to  be tested for the zero field resonance, and the  experim ent 

would also yield inform ation concerning the  size o f th e  internal field. Second, th e  

IV = 0 resonance is a  special resonance th a t requires ex tra  atten tion . A ll pairs 

of levels come into resonance sim ultaneously only in the  case of N  =  0 w hen th e  

double well po ten tia l is sym m etric1. Furtherm ore, in contrast w ith transverse field 

relaxation m easurem ents on the odd-num bered N  =  1 resonance, which were carried  

out in the  experim ent m entioned above [23], th is  experim ent deals w ith an  even 

num bered resonance. Differences associated w ith  the  tetragonal sym m etry  of M ni2  

can be expected for these two types of resonances due to  the transverse anisotropy 

te rm  in the H am iltonian w ritten  above.

5.2 Experimental Procedure

M illim eter sized single crystal samples were p repared  according to the published pro­

cedure [7]. M easurem ents of the  dc m agnetization were perform ed using a  Q uantum  

Design M PM S-5 m agnetom eter equipped w ith a  5.5 Tesla superconducting m agnet. 

T he single crystal samples were mounted on a Q u an tu m  Design horizontal sam ple ro­

ta to r, which allowed ro ta tion  of the easy axis of th e  single crystal sample w ith  respect 

to  the field in  increm ents as small as 0 . 1  degrees. Tw o separate SQUIDs m easured

1This situation is not true for nonzero step numbers and it constitutes the basis for all work 

presented in earlier chapters.
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th e  sam ple’s m agnetization both  parallel a n d  perpendicular to  th e  field direction, 

and the  m agnetization along the easy axis was inferred from  these two orthogonal 

com ponents.

T he c-axis o f th e  single crystal was firs t aligned parallel to  a  field of 1  kO e a t 5  

K by m inim izing the  m agnetization perpend icu lar to  th a t field. This step serves as 

a  reliable s ta rtin g  point for later angular ro ta tio n . T he sam ple was then  cooled in  

zero m agnetic field to 2.60 K. It was then  Im m ediately ro ta te d  to  m ake an angle 0 

between th e  field direction and the c-axis. A m agnetic field of appropria te  m agnitude 

was then  quickly applied. (The desired vaiues of the  longitudinal and transverse 

field com ponents were set by carefully choosing the angle betw een th e  field and  th e  

sam ple’s c-axis.) T he magnetic relaxation w as m easured (each curve tak ing  up to  four 

hours) and a  relaxation rate was obtained from  the long-tim e p a rt of relaxation2.

T he sam e m easurem ent procedure was repeated  for o th e r pairs of longitudinal 

and transverse field values. Since this experim en t is focussed on studying  the N  =  0  

resonance, relaxation rates in a narrow  range  of longitudinal m agnetic  fields around 

H  =  0 were m easured for fixed transverse fields up to 800 Oe.

5.3 Results and Discussions

The relaxation ra te  as a function of th e  longitudinal m agnetic field a t zero transverse 

field was rem easured in this experim ent w ith  a  single crystal sam ple and the result 

is shown in Figure 5.1. The overall lineshap« can be fit very  well by a  Lorentzian 

function, confirm ing an earlier experim ent by Friedm an et al. [35] using well-oriented

2There is a faster-than-exponential relaxation in the first 2000 seconds which is not included in 

the exponential fit to obtain the rate [19, 35]
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o 500-500

H

Figure 5.1: L o ren tz ian  fit o f  lin e sh ap e  fo r th e  N = = 0  re seo n an ce  a t  H t =  0. T h e  

n ea r p erfec t fit to  a  L o ren tz ian  fu n c tio n  seriously  co n tra d ic ts  th e  p ro p o sitio n  

th a t  ran d o m  h y p e rfin e  fields in  M n i 2 a re  resp o n sib le  fo r b ro a d e n in g  o f re so ­

nances.

M ni2 powder.

T he lineshape in th e  presence of a  transverse m agnetic field is shown in  Figure 5 .2 , 

where relaxation rates a t six progressively higher transverse fields from  0 to 800 O e 

are p lotted  as a  function of the longitudinal field. The m ain  features o f th e  da ta  can  

be sum m arized as follows:

F irst, in the  presence of sm all transverse m agnetic fields up to  ab o u t 300 Oe, th e  

relaxation ra te  rem ains roughly constan t over the  whole range of longitudinal field 

shown in this plot. (P lease note the  d a ta  points nearest to  the  center o f th e  resonance 

are a t Hz =  ±25  Oe.) Second, th e  relaxation  ra te  increases d ram atica lly  for fields 

above 500 Oe. Interestingly, this increase is only reflected w ithin  a  narrow  range of 

100 Oe very near th e  cen ter of th e  resonance. T hird , the  relaxation  ra te  increases
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Figure 5.2: H = 0  re so n a n ce  lin esh ap es  a t  six  d ifferen t tra n sv e rse  fie lds.

very little  in a  wide range o f longitudinal fields far from th e  center of th e  resonance. 

Phenomenologically, the  whole lineshape can be seen as consisting of two paxts: The 

first is a  broad “background” which is insensitive to  th e  increase of the  transverse 

field (at least when it is below S00 Oe, the  highest transverse field applied in  this 

experim ent), while the second part only changes the  line w ith in  a  narrow  range of 

about 100 Oe near the cen te r of the resonance. T he change near th e  center of the 

resonance is quite large for transverse fields above about 500 Oe.

Let us now briefly review  th e  lineshape experim ent of F riedm an et al. [35] and  the  

in triguing questions it raised, as discussed in  C hapter 1 . I will then  a ttem p t to  gain 

fu rther insight into the problem  through our d a ta . As poin ted  out by Friedm an et al., 

the high quality fit of the  lineshape to  a  Lorentzian instead o f a  Gaussian function a t 

zero transverse field makes it very difficult (if no t im possible) to  a ttr ib u te  th e  overall 

lineshape to broadening from  a  hyperfine field, which is known to  fluctuate random ly
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both in space and  tim e, since a  field of th is n a tu re  should yield homogeneous (or 

Gaussian-shaped) broadening. Intuitively, th e  observed resonance lineshape T(HZ) 

represents a  d istribution of th e  longitudinal com ponent of the  internal field w ith in  

the M nX2 molecules which should be Gaussian according to  basic probability  laws. 

This q uan tita tive  difference between theory and experim ent prom pted these authors 

to conclude th a t  the  tunneling m echanism  in M n ^  is far from understood.

In a way, th e  d a ta  presented in this chapter escalates th e  above quan tita tive  

difference in to  a  sharp contradiction. The application of a  well-controlled ex ternal 

transverse field to  the N  =  0 resonance adds a  new dim ension to th is problem . 

F irst, le t’s look a t the  broad feature  since it basically represents th e  Lorentzian-like 

background. (Please note th a t  in this p art of lineshape, th e  difference between high 

transverse fields and zero transverse field is very small. And we now know th a t 

lineshape a t zero transverse field is a  Lorentzian.)

If the  hyperfine field, estim ated  a t 300-500 Oe[33], were responsible for broadening 

of this order, th en  th e  application of a  transverse m agnetic field of 800 Oe (nearly 

twice th e  value of the estim ated  hyperfine field) would be expected to have a  m ea­

surable effect on the  tunneling rate . O ur conclusion therefore is th a t the observed 

lineshape is not due to the random  fluctuating in ternal hyperfine field. O ther possi­

ble sources, such as spin-phonon interaction, are possible candidates for the  observed 

broad s tructu re .

Let us th en  focus our a tten tio n  on the  d ram atic  increase of the relaxation ra te  

near the  center of th e  resonance when the  transverse field is above a threshold value 

of about 500 Oe. In the  high tem pera tu re  regime (2.60 K in our experim ent) m ag­

netization tunneling  in M ni2 is therm ally  assisted. I t  is very likely th a t two or m ore 

tunneling channels contribute in parallel to  th e  spin reversal. Let us assum e th a t 

tunneling occurs m ostly through th e  m  =  ± 3  channel in th e  absence of an  ex ternal
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transverse field a t 2.60 K, and  tunneling  relaxation v ia th e  m  =  ± 4  channel is rela­

tively sm all by com parison. However, when a  large enough transverse field is applied, 

the tunnel sp litting  between th e  lower level pairs becomes large and  th is lower chan­

nel will essentially be “unfrozen” and become a prom inent tunneling  channel w ith  a 

sharp increase in resonant relaxation rate .

Several theoretical works have suggested a p ic tu re  sim ilar to  th e  observations in  

this experim ent. Using a “basic” spin H am iltonian of the  form

n  = - D S 2Z -  HZSZ -  HXSX, (5.2)

G aranin and  Chudnovsky [32] calcu lated  the biased-field dependence of the  resonant 

tunneling escape ra te  of the  uniaxial spin model a t progressively higher transverse 

m agnetic field. T heir results reveal th a t  in the nearly unbiased case (or N  =  0), 

a new narrow peak corresponding to lower level tunneling em erges as Hx increases. 

A nother calculation by Friedm an [19] using a phenom enological microscopic model 

to describe the  dynam ics of spin reversal in M ni2 found th a t an  increasing transverse 

field can cause successive sharp peaks to  appear a t th e  center o f th e  resonance as th e  

old peak broadens to join a  uniform  background. Each new peak in  th is calculation 

corresponds to a  subsequently lower level which comes in to  play in  the  tunneling 

process. A detailed quantita tive analysis of the d a ta  is required to  determ ine w hether 

this m odel can account for our results.

To sum m arize, in agreem ent w ith  earlier results by F riedm an el al. [35], this 

experim ent fu rther dem onstrates th a t th e  broad lineshape cannot b e  explained as 

the  result of a  fluctuating in ternal hyperfine field since th e  app lication  o f an external 

transverse field (about twice the estim ated  internal field) has little  influence on it. T he 

most intriguing result is th a t th e  central portion of of th e  lineshape rises sharply when 

the transverse field is above abou t 500 Oe. This behavior m ay  be due to  the onset 

of tunneling from the next lower level in the double well po ten tia l. A quantita tive
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C hapter 6 

Ideas for Future R esearch  and  

Sum m ary

In tensive research activ ity  has proceeded in the  field o f Q uan tum  Tunneling of Mag­

netiza tion  during  the past five years, and it will certa in ly  continue before th e  unan­

sw ered cen tra l problems in th is field are solved successfully. In  th is chapter, I will 

m ake an  a tte m p t to look into th e  future of this field to  present a  few ideas for con­

tinu ing  research. I will then  close th e  dissertation w ith  a  sum m ary  of what has been 

accom plished.

6.1 Ideas for Future Research

As discussed in the last chap ter, the application o f m icron-scale Hall-effect mag- 

n e to m etry  to  th e  study of m agnetic relaxation opens up a  wide range of field and 

tem p era tu re  in which m agnetization  tunneling can be  stud ied  in  great detail. I t  is 

p a rticu la rly  advantageous to  use th is technique if we w ant to  m ake relaxation stud-
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ies in th e  presence of a  large m agnetic field (of several tesla). I t is expected th a t  a  

m ore detailed  relaxation  study can be done in the low tem pera tu re  regime (below 1  

IC) in  which pu re  quan tum  tunneling gradually  takes over w ith  a  decrease of tem ­

peratu re . Specifically, the following experim ents can be perform ed to  gain fu rther 

understanding  of tunneling  relaxation in M n i2.

It is desirable to  s tudy  m agnetic re laxation  in M n 12 relaxation in  the high longi­

tudinal field, low tem p era tu re  regime (w ith  or w ithout external transverse m agnetic 

field). In  this regim e, the double well p o ten tia l is substantially  tilted  and the  tu n ­

neling is purely  ou t of the ground s ta te  in th e  m etastable well. T he tim e scale of 

this pure tunneling  relaxation nevertheless can still m atch the  m easurem ent tim e if 

we carefully choose th e  combination of field and  tem perature. P e rfo rm in g  relaxation 

studies in th is regim e around one of the h igher “step num ber” resonances (e.g. N  = 7 

or 8 ) can provide valuable information on th e  m agnetic relaxation law and th e  re­

laxation lineshape in  this regime for M n12. It is known from early  studies th a t 'the 

m agnetic re laxation  in  M n12 between 2 and 3 K is exponential a t  long times. How­

ever, p relim inary  results from some authors found non-exponential decay a t m uch 

lower tem pera tu res . Since non-exponential decay signals the breakdow n of m agneti­

cally independent spin reversal of identical M n i2 clusters within a  single crystal, these 

results need to  be checked. Another point is closely related to o u r discussion in  the  

chapter on th e  effect of a  transverse field on th e  N  =  0  resonance lineshape. We noted 

th a t there is a  broad feature which is insensitive to the  transverse field. I t will be 

very in teresting  to  see how the im portant features for the  relaxation lineshape (w idth, 

curve shape) will change for the N  =  7 and 8  resonances a t much lower tem peratures. 

This should help gain fu rther insight into th e  Lorentzian lineshape puzzle.

Since th e  tunneling  of the m agnetization proceeds from the ground sta te  in  the  

m etastab le  well in th is tem perature regime, th e  m easured relaxation ra te  only re­
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fleets tunneling escape from  one level instead of several levels contributing  in  parallel. 

Therefore it would b e  m uch m ore straightforw ard to  com pare experim ental d a ta  to  

theoretical calculations for this system . In addition , i t  will also be m ore d irec t to  

observe th e  effect o f a  transverse field applied to a  Mh .12 single crystal around  one of 

its  high indexed resonances.

Furtherm ore, th e  sm all size of a  Hall bar p la te  (typ ically  l x l  cm 2) enables i t  

to  be placed into a  sm all space where microwave excita tion  is generated. I t  has 

been suggested by m any  authors th a t the  inter-well re laxation  ra te  in  M ni2  can. be  

substan tia lly  altered  if microwave of appropriate frequencies is applied to  th e  system . 

T h e  high sensitivity  an d  fast response of a  Hall probe m akes it  a  good m agnetiza tion  

recorder in th e  m icrow ave environm ent. This is a  very  interesting experim ent th a t  

needs to be perform ed.

6.2 Summary

In  this dissertation, I have presented th ree  types o f experim ental d a ta  from  several 

experim ents which show deeper and  richer behavior o f th e  M ni2 system . T h e  first 

type , inelastic neu tron  scatte ring  study, provides an  accu ra te  energy level schem e 

o f the  M n12 sp in-10 system  and establishes the  existence of higher order un iax ia l 

anisotropy in M n12- T he second type of experim ents consists of two m agnetic .re­

laxation  experim ents —  the  relaxation ra te  as a  function  of only externally  applied  

longitudinal m agnetic field and as a  function of transverse field neax th e  N  =  0 reso­

nance. The first experim ent corroborated the existence o f th e  higher order te rm  b u t 

raises some unresolved puzzles re lated  to  the  so-called “odd-even asym m etry” in  th e  

relaxation rate. The la t te r  experim ent supports ealier observations of Friedm an et al.
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th a t the  lineshape o f th e  resonance in  M ni2 is not well understood, and  adds som e 

very in trigu ing  features in  th e  form  of a  sharp increase only  a t  th e  center the  IV =  1 

resonance w hen the transverse field is above 500 Oe. F inally, a  large portion  o f th is 

thesis is devoted to  m easurem ents using m icron-scale Hall-effect m agnetom etry  a t  

very low tem pertu res. T he  d ram atic  shift of peak positions in  th e  hysteresis curves 

w ith decreasing tem p era tu re  provides evidence in sup p o rt of theoretical predictions of 

a  first-oder transition  in the  escape ra te  in spin system s. I  expect fu ture experim ental 

work will fu rth e r benefit from  th e  nice tool of Hall m agnetom etry  and also hope in^re 

flourishing theoretical works will come out to challenge us (as experim entalists).
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