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  The reentrant  spin  glass  study  was  elucidated  for the first tirne by means  o,f the novel

method  of  neutron  depolarizution. The  wavelength  dependent neutron  depolarization senses

the magnetic  induct.ion in mesoscopic  scale  inside the  magnetic  rnateria].  It was  demonstrat-
ed  that  the  domain  distribution in the  ferromagnet  could  be determined  by  the carbfu!

depolarizat.ion study  of  the  magnetization  process. This  method  has been  applied  to the

reentrant  spin  glass  problern, and  the  observation  of  the  mesoscopic  magnetic  field gives a

significant  experimental  fact. to evince  the reentrant  transition  from the  ferromagnetic order.
The quite  recent,  experiments  are  revjewed  in this paper,  which  contains  many  new  results

frorn various  metallic  reentrant  spin  glasses.  The reentrant  behavior is concludecl  to be

governed  by  the  degree  of  the  frustration.

gl. Introduction

   A  new  type  of  the ordered  state  of  the 
`"spin

 glass" is a well  established  concept,

but there still exist  many  controversies  in particular in classifying  the real  materials

as  the genuine spin  glass.i) The  competition  of  the excha'nge  interaction which

introduces the  frustration and  the random  distribution of  eith £ r magnetic  species  or

magnetic  bonds  are  a  necessary  ingredient for the realization  ofthe  
`spin

 glass'. Any
real  spin  glass materials  naturally  form either  magnetic  alloys  or  randorn  mixtures  of

more  than  two  components  of  at  least one  magnetic  element,  which  potentially
contain  dirts. Since the singularities  in thermodynamic  properties  associated  with

the spin  glass transition are  usually  not  so  strongly  enhanced,  the background noise
from  such  dirts may  overwhelm  the magnet/ic  signal  associated  with  the transitions.

Furthermore  even  if an  ideal spin  glass materiai  is obtained,  rnany  experimental

results  are  history dependent, which  makes  a universa}  determination diMcult. In
this respect,  the experimental  results  on  the spin  glass subjects  should  be presented
with  the clear  docurnents on  the history in the experiment,  etherwise  unnecessary

controversial  arguments  may  be encountered.  In some  cases,  completely  opposite

interpretations may  exist  for exactly  the same  experimental  result, Nevertheless it

is certainly  a  hard task to extract  commen]y  acceptable  conclusions  net  only  due to

the above  mentioned  experimental  difllculties but due to the fact that  all  the  exper-

imental evidences  are  not  always  consistent.  In some  cases  any  singularity  in thermo-

dynamical  properties  is not  observed,  whit:h  should  appear  at  the transition in a

homogeneous  system:  For  instance, the well  defined cusp  appears  in the susceptibility

at  a  certain  temperature, but no  appreciable  anomaly  appears  in the specific  heat at
the same  temperature,
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    Furthermore, the rnean  field theory  predicts a  well  defined single  order  parameter
to characterize  the 

`spin
 glass' phase.2) I･t does not  aiways  contain  such  a  single  order

parameter  in the spin  glass systems,  because it is net  ergodic.  It means  that the mean

field approximation  may  be far simpier  than  the result  of  the precise treatment  of

therrnodynamics  in the spin  glass. Even  though  it contains  a weakness,  the mean

field theory provides  many  useful  predictions  like the Gabay-Toulouse3) or  the

Almeida-Thouless line`) in the centext  of  the Sherrington-Kirkpatrick medel,5)

   The  reentrant  spin  glass (RSG), which  is the rnain  issue in this paper, is also  given
by  the concept  of  the mean  Ileld theory. I/t was  defined tc) the sequential  transition
with  decreasing temperature; the system  first undergoes  a eontinuous  transition from

paramagnetic  to the long range  ordered  (LRO) phase at  the Curie temperature,  [l'L and

then  at  the  loxnTer temperature,  usuallJv  called  the glass temperature,  Cllf, it reenters

into a  magnetic  phase  which  resernbles  the  spin  glass state,  Again  many  contro-

versies  exist  on  this phase transition trom  both experimental  and  theoretical points of

views.6}

   At the present  stage,  u  comrnonly  observed  
`btll'

 shape  of  thermal evolution  in the

low field magnetization  is recognized  to be a  unique  feature to characterize  the RSG.

The  transition temperature  Ti- drastically shifts  with  the strength  of  the applied  field,
even  in the low  tleld region.  The  fact clearly  indicates that the spin  glass transition
may  be triggered by the  smali  molecular  field involving large numbers  of  spins.  Thus

the magnetic  behavior near  T/･ in the spin  giass systems  is essentialiy  different from

the critical  behavior near  the eontinuous  phase  transition of  the second  order,  where

the correlation  length of  the  order  parameter  developes continuous]y  from  the short

distance in atomic  scale  to the infinitely long distance. en  the other  hand, in the spin

glass transiti()n, the singularity  in the spin  correlations  may  only  be apprecifible  at  the

longer iength scale  with  tiny er  nenvisible  change  in thermal properties of  the short

range  spin  correlations.

   Thercfore it is very  important to detect any  magnetic  anomalies  in thc larg. er
sca;e  at  the phase  transition, which  rnay  be an  order  of  the ferrumagnetic domain size.

This scale  is defined as  the  mesoscopic  scale,  which  is typically between several

orders  of  nm  and  sub  ptm, Small angle  neutron  scattering  or  quasielastic magnetic

scattering  detecting such  an  anomaly  in the large scale  is an  orthodox  rnethod.

IIowever this method  enceunters  an  essential  clifficulty to substract  non-magnetic

background which  usually  overwhelm  the magnetic  signal.  Light scattering  or

electron  diffraction method  is also  capable,  but the  experiments  are  not  always  easy

'for
 metaUic  magnets  which  are  not  optically  transparent.  Then  the neutron  depoiar-

ization provides  another  excellent  tool for the study  ef  the magnetism  of  the spin  gia$s
by  detecting the spatial  niagnetic  density fluctuations in mesoscopic  scale  as  will  be

described in the following sect/ion.

   We  new  focus on  the present  theoretical comprehension  on  the RSG  subject.  In

the rnean  field approximation,2)  the onset  of  the RSG  phase  or  the disappearance of  the
ferromagnetic LRO  is defined to result  frorn the replica  symmetry  breaking or  the
freezing of  the transverse  component  of  the magnetization  which  destroys the  com-

plete ordering  of  the single  component  LRO,  longitudinal to the avcrage  magnetiza-

tion. Therefore the RSG  is not  a  reentrance  in the ･thermodynamical  point of  view･,
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but the mean  field theory  predicted that the RSG  state  is characterized  by the

coexistence  of  the spin  glass like disordered state  superposing  the ferromagnetic LRO

states.S) In other  words,  it consists  of  the randomly  oriented  frozen transverse

component  and  the long range  ordered  longitudinal compenent  below 71f, which  can

be regarded  as  the  mixed  state.  Then there exist  many  controversies  on  the phase

transition in view  of  thermodynamics  as  well  as  the symrnetry  argument  of  the

system,  which  may  differ from the above  mentioned  mean  field concept.7)

   In this review  paper, we  describe the recent  experimefital  studies  on  the RSG

subject  by using  many  RSG  alloys  by  means  of  the novel  neutron  depolarization
method,S)  and  we  intend to discuss our  view  ofthe  RSG  summarizing  the results.

g 2. Neutron  depolarization as  a  funetEon of  neutrem  waveiemgtk

   The  neutron  depolarization measurernent  is a  simple  method  to study  the spatial

inhomogeneity of  the magnetic  field inside a bulk magnet  by detecting the change  of

polarization of  the transmitted  neutron  bearn through  the magnetic  materials.  In
1941, Halpern  and  Holstein (H, H)"} theoretically derived how  neutrons  are  depolar-

ized by  the magnetic  induction in a ferromagnet consisting  of  multt/dornains.  Then  a

new  experimental  method  to measure  the waveleRgth  dependent depolarization was

proposed  to provide  rich  informations on  the domain  structure  in the ferremagnets.

Although  depoiarization experiments  te study  the magnetization  processes  have  been

initiated a  long time  ago,  since  then, there was  no  wavelength  dependent experiment

until  the recent  years.tO) The  first wavelength  dependent measurement  utilizing

polychromatic pulsed polarized  neutrons  demonstrates that the w･avelength  depend-

ence  of  neutrons  transmitted  through  ferromagnets refiects  the domaiR orientation  in

the magnetization  precess  just as  predicted  in the H, H  derivation.ii} Furthermore,
the domain  size  can  be readily  determiRed by the wavelength  dependent depolariza-
tion data.

   The  principle of  H,H  derivation is described in some  detail. The  neutron

polarization, f' is treated as  a  classical  veeter  spin,  which  follows a  classical  equation

of  motion  under  the stational  magnetic  field,

me!dt ,.. 7<l]e × g(  r)  . (1)

   The  valiclity  of  this principle is already  confirmed  by the fact that the Mezei  spin

fiipper perfectly works,'2)  which  is a  realization  ef  this principle, In other  words,

when  polarized  neutrons  travel through  the magnetic  field applied  in perpendicular
direction with  respect  to the neutron  polarization, the neutron  polarization  is fiipped

over  at  the condition  of  Dll  ==  nlC2  after  the  Larrnor  precession around  the  field, The

product  of  DH  represents  the  integrated field over  the neutron  path  ]ength. C  is t.he

physical  constant  related  to the  nuclear  gyromagnetic  ratio  of  the neutron  spin.  The

mettsurable  polarization  in the clepolar{zation experiments  is therefore  the integrated

value  of  Eq. (1) over  the transmitted neutron  path  2ength D  of  the ferromagnetic slab.

In order  te determine H(r)  even  in a simple  case  of  the  uni.ferm  f'ietd, the  data gf the
"ravelength  (A) depenclence is necessary.  N'evertheless, this treatinent is withifi  the
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classical  limit where  the change  in the magnetic  field occurs  gradually at  the longer

distance than  the neutron  wavelength,  A. Therefore this depolarization n:ethod  of

transmitted  neutrons  is not  sensitive  to the short  magnetic  fluctuations in an  atomic

scale.  It was  also  confirmed  that no  depolarization occurs  in a  usual  paramagnet  or

even  some  spin  glass materials,  in which  spins  fiuctuate fast in time  and  also  do

spatially  in the short  dis'tance.

   In principle, the three dimensional vector  analysis  of  neutron  depolarization can

be performed  on  the  TOP  spectrometer  installed at  the pulsed  ncutron  scattering

facility of  the National Laboratory for }Iigh Energy Physics (KEK).i3> The experi-

ments  so  far done, however, by using  t'h' e  spin  glass materials  are  the polarization
analysis  oi  one  component  parallel t.o thc initial neutron  polarization, Then  the

polarization  A･ of  tran$mitted  beam  is readily  interpreted by the integration of  Eq. (1).
   L' et  us  describe the  neutron  dep. olarization  for the ferromagnetic bulk material,

which  is a  simpler  case  than the reent'rant  spip  glass case  of  our  main  concern  in this

paper, Usually a  thin ellipsoidal  plate is used  in the depolarization experiment  in

order  to evaluate  the demagnetization effcct  easily.  Pf is given  by  the  following

equation;  note  that IZf is now  taken  only  the projection  along  rd'" direction,

Af(A)=-==--[1-<(1-<cos{CB6>l}>E(B.･Z+B.2)!B2>B]"'S, (2)

Here  <･-->as represents  the ensemble  av･ erage  over  either  the iocal magnetic  induction

as in each  domain  or  the domain  size  8. D  and  6 are  respectively  the sample

thickness  or  the neutrGn  path  length and  the average  demain  size  along  the neutron

path  direction. A is the neutron  wavelength,  and  C  is the physical  constant  and  is

given  to be 4.63 × 10-2 in cm-tOermiA"i  units. This equation  (2) just represents  that the

neutron  depolarization occurs  by  the vector  spin  rotation  around  magnetic  induction

as in each  domain. 
'l-he

 resulttant  porarization of  the beam  after  travelling through

the ferromagnetic siab  is thercfore  the multiplied  values  ef  the depolarization of  an

independent event  iB eaeh  domain, which  is A[ times; N=･=-･D16. 0nce the averaging

precedure  is done  through  the  proper approximation,  A  is given  as  a  function of

neutron  wave]ength  A.

   Although expressions  for the general  case  are  not  simple,  functional forms are
available  in several  limiting cases  of  the ferromagnets consisting  of  either  small  or

Iarge dorriains. For the former case  of  the small  domains, the Larmor  precession  of

neutrons  in each  domain is far srnaller  than  the complete  turn  in each  domain  or  CBbl

<2rr. Then  Rf is given  as  follows:

F'(A) =  [ ). -  <1 -  cos{  CBtia }exp( - - aA2)(B.2t  B,2) !B2>.]" . (3)

   A  slightly  complicated  form, which  is approximated  by the single  exponent  of  A,

exp{-  dl}, is also  obtained  for the case  ei"' the comparatively  larger domain  case,  and

thus  either  exp{-  dl} or  exp{-  anta2} should  be seen  for the  srnall  domain  limit, since  the

cosine  terrn usually  becomes  a  constant  value  against  A after  the average  over  es.ii)

In fact we  have  seen  both wavelength  dependent 
'features

 as  shown  in the next  section.

On the other  hand, for the latter case,  where  neutrons  precess many  turns in each

domain, Pf is constant  with  respect  to A. Neutrons  are  completely  depolarized if the

NII-Electronic  
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domains  are  randomly  oriented  where  the externa]  field is less than the demagnetizing
field,

L(A) =='  [1 -  <(Bx2 H' By2) t82>R]" . (4)

   In some  cases,  however, upon  reaching  a technical magnetization  stage,  the

oscillatory  variation  is seen  in the wavelength  dependent polarization. The  fact

depends on  the  magnetic  domain  structure;  for instance, if the domains  penetrate

through  from  one  side  to  the other  in the  thin plate of  the  sample,  the polarization of

transmitted  beam  through  such  a ferromagnetic plate shows  a  cosine  escillation,

because travelling neutrons  rotate  arouncl  the uniform  magnetic  induction in the

penetrating  domain, or  N='1, In the real  experiment,  however, the beam  cross

section  is usually  wider  than the domain size. Then  the averaging  procedure is still

necessary  across  the  beam  crosssection,  because there are  a  iarge number  of  domains
in the plate. Then  the polarization  Rf is approximated  in the fc)llowing functional

forms, which  was  initially obtained  from  our  previous experirnents:ii)

Rf(A) :=- =- R) +  (1 -  k)exp(  
-

 diA2)cos  (M) ,

f=  clElax, axL-=D,

 rV2

 oJ  /l ='  ADID  :,,', const  .

(5)

(6)

(7)

   We  previously  demonstrated two  limiti'ng cases  of  ferrorn,agnets with  large and

small  domains and  succeeded  in determining the domain  size  by using  the wavelength

dependent depolarization data. VLre used  the sarne  ferromagnetic alloy  of  Feo,ssCru.is
with  the different heat treatment.ii) The  data from  annealed  sample  are  essentially

independent  of  the wavelength  of  neutrons,  and  however  t.hey show  the exponential

decay in polarization  with  respect  to the wnvelength  for the quenched  sample  with  the

small  domains  as  anticipated.  The  data are  shown  in Fig. 1, which  were  analyzed  by

using  the standard  expressions  either  for the case  CtB6?1>2ft or  CB6?1<2rr. As  the

result, we  could  determine two  parameters  of  their domain size  and  orientation  with

respect  te the field. The  domain  size  of  these examples  is about  200 um  and  3 #m  for

the annealed  and  quenched  alloys  respectively.  Therefore DIS = Ar is either  5 or  500

for two  cases.  In this analysis  we  fixed the magnetic  induction value  as  obtained  by

the sum  of  the external  field and  4n  times  the saturation  magnetization,  B=ff6x

+4nM,  and  eventually  found it to  be a  reasonable  postulate. It must  be emphasized
that the depolarization is still apparent  in a  certain  external  field where  the

magnetization  curve  nearly  reaches  the saturated  value.  This fact is not  unusual

because the depolarization occurs  by  the ro'l/ation  around  the field component  perpen-
dicular to neutron  polarization. For  the case  of  the s]nall  domains where  D16 goes  to
the large value,  the depolarization becomes  Iarge due to many  nonadiabatic  processes

at  each  domain  boundary dur{ng the beam  passage through  the sample  and  eventually

final polarization  1lf becornes smaller  than  unity.  0n the other  hand, the bulk

magnetization  rneasttrements  gjve a saturated  value.  This exarr]plq  evidently  shows

that the depolarization is a unique  probe to sense  the  spatial  distribution of  the
magnetic  induction peTpendicular  to the aver.  age  magnetization  direction. In particu-
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lar for the stud}i  of  Lhe reentrant'  spin  glass subject,  it is very  important to detect the

spatialtnagnet.i'c  density fiuctuations in mesoscc)pic  scale  and  also  the reentrance  is

prcdicted  to appear  by freezing of  the transverse  component  of  the magnetization,

Therefore the neutron  depolarizatj.on method  stands  as  the powcrful  tc)o] for the

reent.rant  spin  glass properties, and  furthermore 
'it

 is emphasized  that the experiment

is vp..ry sirnple  as  described in the foilow･ing scction.
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                    S3. Reentrant  spim  glass a!loys

   We  again  emphasize  here that the reentrance  is defined as  thermal  phenomenon
that, on  cooling  the RSG  material,  it passes from  paramagnetic  to another  magnetic

state  with  no  spontaneous  magnetization  through  the long range  ordered  phase. 0f

course,  the ordered  phase includes  not  only  ferromagnetic but antiferro-  or  heli-

magnetic  phases, but in the present  experirr]ent  only  the 
'ferromagnetic

 case  was

treated  due to the fact that the appreciable  depolarization can  be expected  in the

ferromagnetic RSG.  As  is shown  in Fig. 2, thermal evo]ution  o'f t,he low field
magnetization  from  the ferromagnetic RSGs  commonly  sho"rs  a 

`'bell"

 shape  due to

the disappettrance of  the spontaneous  magnetization  below  71f, It is also  common

that  the RSG  appears  in the phase  diagram  spanned  on  the x  (concentration)-
T(temperature) plane  near  the criticai  concentration  where  a TL line quickly
approaches  T  

==O,
 and  a ne"T  phase boundary  line of  ZEf turns into the LRO  phase as

depicted iR Fig. 3. Then  a  question  is whether  this phase  below  7> is a  replica

symmetry  breaking state.  In other  words,  whether  these lines represent  the phase
boundary as  Parisi suggested.i`)

   In this section,  typical data of  the wavellength  dependent depolarization measure-

ment  are  displayed on  the sequence  frorri the weakly  frustrated RSG  to the strong

frustrations. Aui-xFex alloys  are  catego]ized  ns  the typically weak  frustration

RSGs.i5} The  wavelength  dependence  for the Auo.BiFeo.- is shown  in Fig. 4, The

E-
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Feo,7ALa,3

  O am  4co ar)
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Fig. 2. ,Thermal evelution  of  magnetizat{on  from

  Feo.7Alo,3 RSG  alloy.  The  
"bell"

 shape  of  the

  magrpetization  curve  at  Low magnetic  field
<IUOOe) is shown  here as  a  typical charact.er

of  RSG,  Belew 100K  irreversibility is observed,
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depoiarization results  from  l-eo.7Aie.3 are  alsc  presented in the same  [igure as  the

comparison.  It is remar.  kable that the qualiL'atively different depolarization curves  of

fl dependence  nre  vis{ble  in t'hc three different phases  in zero  field coeling  (ZFC).
Name]y no  depolariza'tion occurs  ifl t.he paramagnetic  phase  above  T. and  the

sinusoidal  oscillatory  A dependencf..i in Lhe polarization  is se.en in the  ir]termediate

phase  between  Tc nnd  71f, Finally it changes  to the e.xponential  decay in the /l

dependent polarization  bclow T,-. On  the other  hand, at  the tield cooling  (FC)
process, essentiaily  no  appreciable  temperature  dependc}nce occurs  in these depolar-
ization curves  below Y':c. In this system  of  ,A.ui-x･Fex  RSGs,  the oscii]atory  A depcnd-
ence  is ulways  seen  in the intermediat/e £erromagnetic  phase  as  well  as  below Ef in
the FC  saniples.  The. fact eviClenttally  indi'cates that  the manq.netic  dornains in the

ferromagnetic  staiL'e penetrate  through  one  side  to the other  in the disk sampies  about

a  half mm  thick, which  is clear  .from the descriptic)n in the preceding  sectien.

   The  wavelength  depend¢ nt  curves  in the pelarization  could  be analyzed  by
adopting  the depolarization function  of  the multidomained  t'erromagnet, and  the

parameters  rcquired  to the RS(} studies  have  been extractcd.  In particular, the

important pararneters  of  both the magneti £  induction f* as  well  as  t'he dornain size  S

could  be obtained  unambiguously  fron] the sinuseidally  oscillatory  curves.
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Fig. 5. Temperature  dependence  Qf  the  parameters  of  fl), ot a]id  .I' iri Eq, (5) of  the  futed function for

  the depolarization data together  with  the low field magnetization  curves  of  Auo,siFen.if) RSG  alloy

   (left hand row)  nnd  Feo.7Alo,,i RSG  allny  (right-hand row).

   When  we  look at the thermal  evolution  of  f" i,n t.he AuFe  RSG  which  is shewn  in

Fig. 5, we  immediately find the fact that I* is less than  the sakirat'ion  rnagnetization

value  which  decreases below  71f. No  extra  dc}main distribution with  different sizes

below  717 could  be detected in this RSG  alloys.  Note that the S value  determined just
below  Tf is constant  with  temperature  in the ferromagnetic phase. Then  I' was

found to decrease wit.h  the further decrease of  temperature  when  S is assumed  to be

fixed. This important result  tells us  that the spontaneous  bulk magnetization  aver-

aged  over  all  atoms  in each  domain, which  is propertional  to f*, is remarkably

reduced  at  low  temperatures even  above  7'Y. The  mixing  of  the secondary  disordered
phase  in mesoscopic  s(;ale is not  expected  in the RSG  phase, since  l* is tmiform  even

at  the lowest temperat/ure  well  beloxaJ [l>. To  sumrRarize  here, the  magnetization

averaged  over  each  domain  considerably  decreases in the RSG  phase in the Aui-xFe.:

RSG  alloys,i6)  which  was  observed  for the f[rst time  in the real  experiment.
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  Fig. 6. Thermal  evolution  of  mag'netization  curve  in amorphous  Fei.=Tt([nx alloys  of  ,r=O.23,5, O.26, O.13e

    and  O.32 with  magnetic  phase diagram  (iisert) in <a). P(2) ef  amurphous  Feo.76fiMnosAs RSG  al]oy

    at  differeiit temperatures  of  16, 80, 172, 213 and  251 K  are  presentec]  in (b).

   The  next  examples  are  the amorph()us  RSGs  of  both FeE-xMnxi7) and  Nii-xMn.:

alloys'S) containing  some  rnetalloid  elements  such  as  B, N, etc.,  for the stabilization  of

the amorpheus  phase, The  RSG  state  appears  around  O.2<x<O,3,  where  Tc

asymptotically  approaches  zero  in both amorphous  alloys.  The  depolarization data
of  the exponential  form  vLTith respect  to the wavelength  illustrated in Fig. 6 are  very

similar  to the results  of  the ferromagnet vLTith  srnall  domains. It turns out  however

from the analysis  combined  "Jith  the magnetization  data shown  in Fig. 6 that the

depolarization caii  be determined solely  by the magnetization  or  the magnetic  induc-
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tion in the domain, and  that the domaln size  ils t/emperat.ure independent similar  to the

result  from  Aui-xFe,r glasses. The results  from  both amorphous  FeMn  add  NiMn
alloys  are  essentially  similar  except  the details. The  irreversible thermal  evolutions

of  the  amorphous  Fee.76sMno.23s alloy  are  appreciab}e  at  lew temperatures  where  the

magnetic  susceptibility  drops substantially.

   Another  significant  result  is the appearance  of  the minimllm  in the  thermal

evolution  of  the polarization. at  which  the  magnetization  reaches  maximum  in the
amorphous  Feo.7Mnn,3 alloy.  In other  words,  toward  the lowest temperature  below
the reentrant  transition, the polarization  recovers  as  observeei  typically in the
Feo.7Ale.3 RSG,i8) In this respect  it is noted  that entirely  different features of  thermal
evolution  of  the depolarization were  observed  in two  samples  of  amorpheus

Feo.76sMne.2ss and  Fee,7Mno.3 alloys.  This  reflects  that the  coefiicient  of  the gaussian
function of  the  polarization  is nearly  proportional  to the square  of  the n'iagnetization

in the Fee.76sMno.23s alloy,  which  is shown  in Fig. 7(a). As cornpared  with  Fig, 7(b),
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this result  show･s  a significan'[  contrast.

   The  common  feature, on  the othsr  hand, is that the polarization  increasc-s "Tith  the

incre.ase of  temperature  as  a  w･hole.  The  data were  successfully  anaiyzed  to be the

temperature  independent d'omain sizc  and  the coetficient  ot' the exponential  form ef  A
dependence  in polarization  i.s npproximatcly  proportional to the square  of  the

magnetization  as  seen  in Fig, 7(a), This experimental  result  is well  interprctcd by
adoptin.v.  the mean  field approxirnal.i'on  suL'h  that fr/ ezing  of  the transverse  component

"/ith  respect.  t/o the averagc  longitudinal ma.unetization  direction induces  the blocking

of  the demain wall  motion,  x/vhich  gi' ves  the  reduction  of  both mesoscopic  field and  the

average  atoinic  moinent  value  in the  RSG  phase. Since the depolarjzat'ion occurs

onty  by the longitudinal mag.netization,  the average  induction in the d6main  should

vary  vv'ith temperature like 'L'he

 magnetization  measured  flt. techn;'cal saturation,

whereas  the t'ransverse compoiient  has little effect  on  
'L'he

 depolarizatien due t'o the

short  correlation  lengt'h compared  w･ith  the domain  size. Iii the mean  field theory this
magnetic  stat'e is defined to be the  canting  state,  which  might  have little infiuence on

the polarization  but be aLtributed  to t.he appearance  of  an  additional  anisotropy  like

I)zaloshinskii-ts4oriya intcraction, w･hich  prcvents  free domain  wall  rnotion.  There-

fore the appreciab]e  hi'stori･' dependcnt, bchavic･r. in the. depolari.zation as  well  as

mag'netization  measurements  appears  below  Zi-, being dcp ¢ ndcnt  on  the coo]ing

processes, The  experimental  data show  the persistence  G/f dornatns at  1.ow t.'empern-
LLures

 beloxNr the reentrance  in the weakl>,  frustrated RSGs, "Thcre  thc bulk magnetiza-
t.ion drops substantially.  

r!"he
 datn unulysis  suggests  t.he decrease of  the domain  size

around  5 ltm, xKrhere  the average  magnetization  of  each  domain  is randDrnly  orilented

at' low external  field, butt, on  t'.he other  hand, ;above  Tf the domain size  subst'antia]ly

nto･;as.tzL-aso"

   '1,O

re,s 

L-----L ---=  :-j

Fig.

a    5e
A, CA)
 several  ten-)eraturcs

va

8, P(2) of  amorphous  Nio."･)L,Ino,L3 ulloy  nt  of  10(},170 and

temperature  dependence  of  a  for lhe exponential  A depe-dent  depolarization datn.180K,

 and
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increases and  the orientation  of  the

magnetization  is nearly  parallel to the

external  field.

   As  for amorphous  Nli-xMnx  alloys,

the depolarization data are  essentially

similar  to Lhe Fei-xiYInx data as  shown  in

Fig.8. Theughthetemperaturedepend-

ence  of  the magnetization  evolves  the

bell shaDe  due  to the substantial

decrease below  Tf as  shown  in Fig, 9,

the  mesoscepic  magnetic  induction

detected by  the depolarization measure-

ment  is saturated  at  low  temperatures.

Considerable history dependent behav-

iors with  ZFC  anci  FC  processes  were

also  observed.  1th'he history dependent

feature dete.cted by  the depolarization

method  is much  clearer  than  any  other

magnetic  measurements  as  shown  in Fig.

10.

   Finally the experirnental  results

from  strongly  frustrated RSG  systems

are  presented.  The  most  typical exam-

ple is Fee.7Alo.a RS(lii5) In order  to com-

prehend  the qualitative  difference in
depolarization result,s, important data

are  shovgTn  in Fi'gs. 4 and  5. 
'I"he

 typical

bc'11 shapc  magnctization  curve  similar
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to the weakly  frustrated RSGs  are  seen  in this rnateriar  as  shown  in Fjgs. 2 and  5(e).

However therrnai evolution  of  depolarization particularly  below 71f is entirely

different from thut o.F the previous  results  fr.oin the weakly  frus'L'rated RSGs  as  is

compared  in Fig. 4. As  shewn  in Fig. 4, no  depolarization occurs  in both the

paramugnet-ic  above  kF-c and  the reentrant  phase  below  71f. If we  interpret this fact

of  no  depolarizatioii belovLT [tl"f as  the evidence  of  the coinplete  loss of  the spontaneous

magnetization  or  the disappearance of  the 
'ferroraagnetic

 LI(O, the mugnetic  state  in

the  Feo.7Aln.3 RS(.} below  [L- should  be completely  di'fferen'ffrom that of  the Auo.siFeo.[g

RSG.  This qualitative difference in the experimental  results  is 'the first clear evi-

dence suggesting  tha'L' there exist･. different Re')'G sta'L'es, even  though the low  field

magnetization  looks similar  like n  common  beli shape.

   In the ferromagnetic piiase above  f"f, the ebserved  curve  is characterized  by  the

damped  osciilatc)ry  A dependence suggesting  that the sarnple  is in a large domain
state,  which  penetrates  one  side  to the other.  Looking  ut  the  datu above  Tf of  the

damped  oscillatory  A dependence, iivre parametrized  the A dependent pelarization  l'(A)

by fitting Eq, (4) to the  experiment'al  curvts  us  shown  in I7ig. 5. Since f* was  found

t, o dccrease with  decreasing temperat'are  tewards  Tf, and  furthermere itcontinuously

decreases below  ?"f at  lower/ temperntures,  which  is much  more  dramatic than  the

thermal  evolutien  of  the AuFe  RSG.  Ap-other characteristics  in Feo.7Alo.3 RSG  is the

iarge damping  factor in the wavelength  dependent pe]arization, which  yields the xnride

distribution of  6'. The  damping  factor a]so  depends on  temperature,  which  is

maximuni  around  Tf and  en  the ether  hund  i* decreases monotonically.

   Our view  of  Feo.7Alo.3 is such  a heterogeneous magnetic  state  that the fer-

romagnetic  clusters  in the alloy  are  xnyreakly  linked with  each  other  above  TT in the

ferromagnetic phase. Since the clusters  are  infinitely connected,  we  can  define as  the

normal  ferromagnet.ic state  above  1'ci"V. TLi"V is defined as  the ternperature  below

which  the bulk rcagnetization  starts  te decrease with  decreasing temperature.  When

temperature  goes  across  7LMV, the clttsters  are  separated  frem  each  other  by the break

of  the weakly  Iinked bonds  and  the magnetic  phase  becornes the  mixture  of  L'he Iarge

ciusters  and  the spin  glass part  oi  tbc rest', This picture is consistent  vLTith the fact of

thermal  evolution  of  both f" and  ai. When  temperature  approaches  7>, xnrhere oi is

maximum,  the o" is too smal]  to maintain  a finite mesoscopic  field keeping the bulk

field to the unique  direction. Eventually no  depolarization occurs  in the ZFC  process

due to the fact that neutron  polarization fol]ows adiabatically  in the sample.  In the

FC  process, the c:iuster  size  of  6 is smaller  and  furtherrnore the spin  glass like region

coexists,  judging from  
'the

 small  f* as  well  as  the rarge oi  values,  Eilthough  the  average

magnetization  in each  dornaifi directs towards  the external  fieid.

   Thus  the present  depolarization experirnents  have shown  for the firs;ttime the

existence  of  mesoscopically  heterogeneous magnetic  stat'e in the RSG  phase below Zl17,
which  should  be emphasized  to occur  only  in the strongly  frustrated RS(} inaterials.

It is also  emphasized  here that it differs frem  so  called  the mixed  state  of  the RSG  in

view  of  the mcan  field theorv.

   The  depolarization result'  of  an  amorphous  Feo.7Mno.3 RSG  resembles  that of  the

Feo.7A!o.3 glass, in the sense  
LLhat

 the depolarization decreases below II7, or  l" substan-
tially decreases which  was  given 

'it'
 y the  analysis  of  the data of  the gaussian A
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dependence. AIthough the Nii-xMnx data are  not  complete,  a  simglar  thermal evolu-

tion was  ebserved,

S4. Con¢ ]usions

   Spin glass is an  intrinsic effect  of  the topelogical  spin  disorder super'posed  by  the

competition  of  magne'tic  interactions, which  now  becomes  a  well  est'ablished  physical

concept.  On  the  other  hand, the reentrant  spin  glass behavior is yet a  subtle  problem,
which  brings controversies  in theories and  experiments  to investjgate the nature  of  the

phase  transition, the magnetic  ground  state  and  so  forth. The  depolarization method

measuring  the mesoscopic  magnetic  induction clearly  indicates the existence  of  the

phase transition from the  ferromagnetic LRO  to the spin  gl'ass iike phase. The
depolarization experiments  also  show  the evi.dence  that the magnetic  state  of  the RSG

phase  differs from  materials  to materials  refiecting  the degree ef  the frustration, even

though  any  difference is di'thcult to be seen  in therrnal evoiution  ott these bu}k
magnetlzatlons.

   In the weakly  frustrated systems  of  the Aui7xFex  alloy,  the RSG  phase  is realized

by freezing randomly  oriented  transverse  spins  keeping  the longitudinal[ component

ordered.  Thus  the total magnetization  in each  domain  is canted  with  each  other,

which  creates  an  extra  anisotropy  preventing  the free motion  ef  the domain  wails.

The mesoscopic  field substantially  decreases as  the temperature decreases across  7')f
into the RSG  phase. }?urthermore the depolarization curves  of  the exponential

function of  A are  well  interpreted by the depolarization data frorn the  ferromagnetic

state  with  many  small  domains. It is there/fore concluded  that  the magnetic  state  of

the RSG  phase  of  the weakly  frustated system  is deter/mined te be the mixed  state  just
as  the mean  field theory  predicted.

   On the  other  hand, in the strongly  frust/rated system  of  Fei-xAlx alloy,  the RSG

phase  is the heterogeneous state  consistlng  of  srnall  ferromagnetic domains  fioating in

the spin  glass !ike media.  This  magnetic  state  already  develop. s in the ferromagnetic

phase  far above  7>･. The  rnagnetization  decreases with  decreasing temperature

across  7Ui]iV, and  correspondingly  the mesoscopic  field detected by the depolarization
also  decreases associated  with  the large increase of  damping factor aJ. Since a

heuristic relation  of  ai and  I*' in the ferromagnet does not  hold in this case,  the drastic

increase of  oJ directly corresponds  to the large S distributien even  in the fer-

romagnetic  state.  This experimental  fact gives a  conclusion  that  infinitely connected

ferremagnetic domains  are  broken  to be dispersed in the  spin  glass Iike medium,  and

eventually  no  mesescopic  steady  field exists  below  Tf.

   This physical  picture of  the onset  of  the reentrance  from  the long range  ordered

to the strong]y  frustrated spin  glass phase  i,s consistent  wEth  the concept  of  the local
mean  field theory  sliudied  by Saslow and  Parker.i9} The  magnetic  defects which

strongly  frustrate the host LRO,  lead to the weakning  of.the  ordered  rnagnetism  to

break up  the infinite connection  of  the domains. On the  other  hnnd, in the weakly

frustrated RSG,  rnany  defects are  required  to help the reentra'nce,  but eventually  the

ferroinagnetic matrix  becomes noncollinear  spin  arrangemcnt  in the RSG  phase,

which  is equivalent  to the mean  field pictur'e of  the magnetic  state  of  the mixture  of
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the. randomly  oriented  frozen transverse and  the long range  ordered  loflgitudinal
        )

componenLs.

   Finally t'he ttime dependent depelariz,at･ ion cxperiment  was  carried  out  to see  how

dispersed domains  grow  by t'herm."1 act.ivntic)n  of  the domain  wali  rnotion  by changing

temperature,  incubatin.cr. t,ime in the ap. plied field and  the applied  field value  itself.

Either a  ful/ly poiarizcd  curve  iyi the stroflgly  frustrated RSG  or  a  monotonic  A

dependent curve  of  the exponential  funct{on in ehe weakly  frustrated RS(ffer the ZFC

changes  to the damped osciilatory  curve  of  the 1 dependence when  the  external  field

exceeds  threshold  fieid ff2,. ffc substaiuially  decreases with  the incrense of  tempera-

ture approaching  7>. This exper{nient  indicates that the growth  of  ferrornagnetic
domains starts  to develop above  ftc and  these domains  are  stabilized  even  when  the

field is removed,  The  clomain  grewth  rate  is also  time  dependertt and  eve.ntually  it

goes to the  saturat'ed  
'va"lues

 with  the rate  approxirnated  by  the function  orP A-Bt"a'.

The  study  oi  the kin.etics of  growth  of  the order  in the spin  glass is not  tm  easy  task.

At  present ne  reliable  thcory  exists  (m  this specific  subject.  1,lo"iever such  an

-o..xperime.nt itself is attractjve  because precis･e controis  of  various  external  parameters

are  absolutely  necessary  i,n ordor.  
't,o

 obtuin  any  conclusive  result.  Therefore this

subJ"ect  becomes  more  i`ascinating  problem  for us  to challenge  in future.

Ae"i"KxaawS.edgemaemes

   The author  weuld  like to thank his celleagues,  S. Itoh, S. Mitsuda, I. Mirebeau, T.

XVatanabe and  }{. Yoshizawa. RKJithout their exl)erimenta]  skills, continuous  efforts

and  their keen eyes  of  the observation,  the present' trials of  the novel  experiment'al

methed  could  not.  hu'u/e been  realized.  IIe also  appreciat,es  their illumiuating discus-

sions  and  joyabl¢  conversations  throu,..hout eur  collaborative  works.  } inally he
addresses  his sinc.ere  thtinks to Prc)'fessor J. Kanainori for his continuous  encourage-

ment.  Fascinating lectures given  by .Professer  Kanamori  are  memorable  in his

student  tirne, which  aead hirn Lo the field of  the magnetism.

sceferemeeus

D2)3)'t)5)6)7)8)9)10)11)12)13)14)15)K. Binder and  A.. P. Young,  Rev. Med.  ?, hys. t58 0986), 801.
S, F. Ediwards ancl  I', 1]LJ', Anderson,  jT. oi' Phi,s. F5  (1975), 965.

rv'I. Gabay  and  G. Toulouse, I'hys. Rev, I･ett, ,f,:,' (1981), 2el.

J. R. L. Dc  Alrncitla and  V. .l. [I'houless, J. of  IPhys. All  (1978), 983.
D, Shcrrington and  S, Kirkpatriclc, I'hys. .Rev. Lett. 35 (1975), 1792.

It. "v'Ialletta, Leci'blre iYrotes isi Paj:sics 192 (Spr{nger, Berlin, 198,',), p. 90.

G. Aeppli', S. TV{. Shapiro, R. J. Birg'eneau and  H. S. Chen, Phys. Rev. B28  (1983), 5160.

Y. Ishikawa, Y. Endoh  and  K. Ineue, Aie-zttron Sctattefalng in A['ineties (IAEA Vienna, 1985), p. 282,
O. }{a]pern and  Y, Holstein, ?hys. Rev. 59 (1941), 960,
M.  

'l'h.
 Rekveldt, Z. Phys. 256 (le7'3), :i91.

S. )Citsuda and  Y. Endoh,  .J. Phys. Soc, Jpn, 5･{ (1985), 1570,

F. M(].zei, Leciure iVotes in Ilft.ysics 128 (Springer, Bej'lin, 1979>, p. ].

Y. Endoh,  Y. Sasaki, II. Ono, S. Mitsuda arid  }'I. Fujimoto, Nuel. Instr. &  Meth. A24(] (l985), 115.

G. Parisi, Phys, Rev. I.ett. ･ti.ij' (197'9), 1754.
S. )tlitsuda, II, Yosbizaws and  Y, Endoh, submitted  to Ph},s. Rev. Il

NII-Electronic  



Publication Office, Progress of Theoretical Physics

NII-Electronic Library Service

PublicationOffice,  Progress  of  Theoretical  Physics

                   AJeutron DqPolarization from .reeenlrant SX)in Glasses 583

16) S. rvIitsuda, private  comniunications.

17} I. Mirebeau, S. Itoh, S. Mitsuda, T. Watanabe,  Y. Endoh,  M.  Hennion  and  R. Papou]ar, Phys. Rev, B41

     (1990), 11405.

18) I. Mtrebeau, S. Itoh, S. Mitsuda, T. Watanabe,  Y. E}'idoh, M,  Hennion  and  P, Calmettes, J, Appl. Phys.

Ig) 
6wt.(M).90s)a'

 
,?Z3.2,'..d

 c}. N. parker, phys. Rev. Lett s,6 <lgs6>, lo74-

NII-Electronic  Mbrary  


