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Abstract

     Ordering of pure and neariy two-dimensional--Heisenberg anti-

ferrornagnets have been investigated experimentally by proton NMR,

spontaneous magnetization and susceptibility measurernents using a

SQUID magnetometer, etc.

     A cornpound Cu(HCOO)2'2H20.2CO(NH2)2 may present a closest
                                                            'system to the perfect two-dimensional (2d) Heisenberg one of all

existing real materials. The critieal index B oÅí spontaneous

magnetization is determined as O.22 in the wide ternperature range
ao-3 < e < s Å~ lo-1). This wide range character can not be at-

tributed to be so called crossover effect. This value of B = O.22

are also measured in 2d Heisenberg antiÅíerromagnets with canting

interaction Cu(HCOO)2.4H20 and Mn(HCOO)2.2H20 as the critical

exponents in temperature range a little far from the critical

temperature. This critical exponent B = O.22 is inconsistent with

the exponents of any conventional universality class. This value

is an interrnediate value of 2d rsing and 3d systems, and may

suggest the existence of a new universality class.

     The magnetic ordering of a heterogeneous 2d Heisenberg system

Mn(HCOO)2e2H20 is investigated. The inter-planer structure is

composed of an alternate piling up of two in-equivalent magnetic

planes i.e. a strongly coupled antiferromagnetic A plane and

another almost paramagnetic B plane. The ternperature dependence

of subsystem susceptibilities are separately observed above T                                                              by                                                            N
proton NMR method. The susceptibility xA of A subsystem shows a

broad maximum around 2TN, while xB of B subsystem follows the Curie

law. Spontaneous magnetization of A subsystem follows two dÅ}stinct
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exponential laws. Outside of the crossover point e* (= 11 - T*/TNI)
cr 2 Å~ lo-2, B = O.23 and the closer neighbourhood to TN, B = O.30

are obtained. The critical indices y of susceptibility (y = l.74)

and B are very close to the values for two different universality
              'classes i.e. 2d Ising and 3d !sing ones. This fact is apparently

inconsistent with the scaling law and the universality in the

conventional sense.

     The fully mapped temperature-magnetic field phase diagram of

Mn(HCOO)2.2H20 is determined by the rneasurements of heat capacity

and susceptibility. An anomalous increase of the N6el temperature

with increasing field is found to be attributed to a crossover of

spin symrnetry from the Heisenberg-type to the XY--type induced by

the field. The absolute values of magnetic heat capacity under

the appropriate field is found to agree with the theoretical values
for the 2d plane rotator model in the paramagnetic tbmperature

region.

     Three successive phase transitions are observed in the random

diluted 2d Heisenberg antiferrornagnet Mnl-xZnx(HCOO)2'2H20 by the

measurernents of susceptibility, spontaneous magnetization and heat

capacity. Neutron diffraction is investigated to get the informa-

tion for spin correlations.
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Chapter I. Introduction

gl-l. General aspects of the study

     There are many Å}nvestigations of the crltical phenoruena in
                                   '                                    '                         '!ow-dinensional magnetic systems boVn theoretical!y and experimen-
                                                             '
                                                               '
     As for one-dimensional (ld)• systems, behaviours of therrnodynauld
                               -                                                       - ttquantibies can be more easily obti'ined theoretically than as for '

two-dirnovnsional (2d) sYstems. rt has been theoretically proved

that there exists no long range ordered state at a finite temperature

in one-dimensional systems of any spin symmetry (Isingr XY or
            2,3)Heisenberg) .                  However, there have been observed the occurences

of a long range order in a lot of real chain compoundst which are

certain!y brought by an inter-chain interaction. Exact expressio,n

for the heat capacity and magnetÅ}c susceptibility of one-dÅ}mensional

Heisenberg and rsing spin systems have been given by Bonner and
Fisher4) and rnany other authors.5) 'Experiraentai results of tinear

chain ma'i eriais have been found in good agreement with the theoryi'

                                                        '       '                                                 'above their transition temperatures.6)

     As for two-dimensional systems, it was rigoreusly proved by
       7)          that a two-diraensional rsing spin systern oE S = l/2Onsager

orders at a finite temperature with a symmetric and iogarithmÅ}c

dÅ}vergence oE heat caD. acity. Temperature dependence of spontaneous
magnetization in tnts spin systern has been given by yang8> exactxy.-

on the other hand, :•leumin and wagner3) gave the rigorous proof

telling that one- and two-dimensional Heisenberg or XY spin systems

do not 'nave a spontaneous magnetization at a finite temD. erature.
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     As for three-dimensional (3d) spÅ}n systemt we are convincmg

an existence of phase transition with a spon'taneous magnetization

at a finite ternperature for any type of spin symmetry. .There have
                                                      'been observed a larnda type anomaly of heat capacity and divergence

o f magne ti c s uscep ti' bili ty .

  '     For the so-called second order phase transition, the critical

phenornena have been considered theoretica!ly to be described by
the "scaling law" and the "universality".9) According to the

concept of "universality", the critical phenomena of any system

should be described by a set of exponents for the corresponding

universality class.' The phase transition is determined by a few
                                                     t.fundarnental factors i.e. (l) lattice dimensionality, <2) symmetry
                               '
of spin interaction and (3) force range, and is independent of any

other details of the system i.e. connectivity, lqttice structure,

spin quantum number and so on. The critical exponents follow to
the we!l--knovin scalÅ}rg relations among che critical indicest e.g.

ct' + 2B + y' = 2. The concept of "weak universality" has been

recently proposed, which claims that reduced critieal index X/v

<X: a, B, etc.) is universal, where v is the critical index of
correlation length.IO) The former universality is called "strong

universality".

     Mihe hypothesis of universality requÅ}res the observation of
             tthe "crossover" Dhenomena to the three-dimensional class in real                L             Tquasi-two-dimensionai system. stanieyli) gave the foi!owing

                                                           'expression for the -l hermodynamic quantity.

                                   A          f(R,a) = A(R,a)Il - [r/Tcl • (I-1)

In thg region of very vicinity of the critical point Tcr X is the

2
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cri"Lical index for three-dirp.ensional Ising SPin SYSteM• a (= HA/HE)

is the L-.iegree of anisotropy of interaction J in two-dimensional

lattÅ}c-:, and HA and HE are the anisotropy and exchange Åíield,
                                       'respeciively. R (= J'/J) is the ratio of inter-layer interaction
                                                              'J' to "Lhe intra-laye] interaction l[, which is a measure of tivo-di-

mensicnality of the syste;n. Outside of the crossover yegion the
                                             '                                                                  'quantitv i(R,a) is identified tq that of the two--dimensional system.

     N'o;v, "scaling !aw" and "unive'rsality" are taken to be valid

experir.nentally for some exampies, but there are lots of examples
                 ttwhich seerrt not to realize these laws. Accordingiy there are
                                                              'proble::.Ls as foHows, (i) Whether the previous criteria (l), (2)
                               'and (3) are proper or not, and (ii) Whether a new universality class

which is not known so far ekÅ}sts or not. In this thesÅ}sr we will

exandne these problems experÅ}menta!ly.

     T, hese laws are taken to be valid experimentaliy as well for

sorne sim..ple magnetic systems like e.g. Rb2CoF4, a quasi-two-dirnen-

siona! ising system. in this salt, spin correlation function28)

and Tnagnetic heat capacity29) and so on in the vicinity of TN can

be weU described by the Onsager's rigorous solution, aithough this

salt is not perfect -Tsing-type inagnet.
  '     Systematic investigations by neutron diffaction on 2d Heisenberg
li'Ke ans-tiferromagnets K2NiF4 and K2MnFg have been done,12) which '

show "Llnat the cxitical exponents of spontaneous rnagnetization in

these salts are weU described as the exponent for 2d Xsing class

beiow T/ >:, although "L:/.e 3d long range order is observed below TN.

It mak.' suggest thaLL `Lhe domÅ}nant purturba`Lion is the Ising-type

anisot-•Awpy within each plane in these saltst Wn' ile, the investi-

                                3
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gationÅ} by neutron diffraction on t<2cuFgl3) shows that the c]ritieal

exponent B of spontaneous rnagnetization Å}s in good agreement with

that for 3d XY universality class. It may suggest t! at the domi-

nant purturbation is the three-dimensionalit\ in this salt.
                                                           '                '     As raentiened before, we will examine the criteria of univer-

sality and search a new universality class if any. For this

purpose, we have planed to investigate some systems in the neigh-

bourhoods of 2d Heisenberg one which is in the openest situation

for the new problem.. Because, perfect 2d Heisenberg system is
known not to order at any finit6 temperature3) and couid order with

weak purturbation iike ising-anisotropy,27) three-dimensionaiity

                                                             'or an antisymmetric interaction, for example. If 2d Heisenberg

system wzth antisymumetnc interaction orders at a finzte ternperaturet
                                                               'this system might -v• evnval a new feature of phase.t]fansition i4nexpected

so far.

     As for 2d Heisenberg antifovrromagnets, we examine especially

so called the canted antiferromagnets i.e. Cu(HCOO)2.2H20.2CO(NH2)2

(CuFUH), Cu(HCOO)2'4H20 (CuF4H) and Mn(HCOO)2.2H20 (MnF2H) with

srnall anisotropy and the three-dinensionality. Further, as the
                      '                                                    'case that purturbation is the external field, the phase transition
      'under the external field is investÅ}gated for rJlnF2H. Moxeover, as
                                                                '            'the case that purturbation is the random dilution of magnetic ions,
                                                              'the ciritical phenoiin,ena of Minl-xZnxF2H is investigated.

     The magnetic property of CuFUH may be a most close to the
perfect 2d Heisenber•g system of an existing rea! materials.l4)

There is the canting of the mornent caused b-v in-equivalent N g--tensor.

Mihe log-log plot or-  spontaneous rnagnetization versus e (i l -- [V/TN)

4
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Å}s found to be extremely straight in the wide temo. erature xange
ao-3 <6<sÅ~ lo-l) and B is deterrnined as O.22 + O.02. This

fact can not be attributed to be so-called crossover effectt because
                                           'the straight region is wide enough. [Vhis value of B = O.22 are

also rneasured in 2d Heisenberg antiferrornagnets with canting inter-

action CuF4H and MnF2H as the critÅ}cal exponents in temperature

range a little far from the critica! temperature.

     In Chapter XI, the critical phenornena and the quantum effects

of the 2d Heisenberg antiferrornagnet CuFUH are investigated. The
                                               'compound CuF4H, the inter--layer interaction of which is twenty times as

large as that of CuFUH,is also investigated. {Phe critical indices

B of other 2d Heisenberg-Uke systerns are surveyed on the diagrarn

               ttof Ising anisotropy versus three-d=mensionality. rn the several

salts, the value of critical indices B is about O.22, although the

range of redu-ced temperature e are rather narrow except for CuFUH

and MnF2H. !n the case of CuFUH and -MnF2H, the straight line

regions are wide enough to asign the coefficients as the critical

zndices.
             '     This critieal exponent B = O.22 is inconsistent with the

exponents of any conventional universality class i.e. 2d Ising,

3d Xsing, 3d XY or 3d Heiseuberg. This value is an intermediate

vaiue of 2d !sing and 3d system, and may indicate the existence of

a new universality class. The origin of this anomalous index is
                       'discussed there.

                                      '     !n Cha.oter !Ur the magnetic ordering of a heterogeneous 2d

HeÅ}senberg systern i'!n(HCOO>2'2H20 (MnF2H) is investigated. [Dhe

interpianer structure of this compound is composed of a alternate

5
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piling up of two in--equivalent magnetic pXanes i.e. a strongly

coupled antiferromagnetic A plane and another almost paramagnetic
                                                         'B plane. Each paramagnetic B ion lies on a inter-plane interaction

path between the adjacent two A planes. rt is interesting to

examine the influence of the heterogeneity or such a modification

of inter-plane interaction on the ordering oE an especia!ly

Heisenberg-like system. Spontaneous sul)system rnagnetization L
                                                             A
      'of A subsystem follows two distinct expenential laws. Outside iof
the crossover point e* =2Å~ IO-2 ' , B= O.23 + O.02. In the
                                                       'closer neighbourhood to TN, B == O.3o Å} O.02 indicates apparently
a three-dimensional nature of ordering below TN.l5) whue, the

spontaneous magnetzzatlon LB of B subsystem is found to grow up

under a local field from the ordered A subsystem. The value of

B = O.23 + O.02 may suggest that the present salt belongs to the

same universality class as that in CuFUH.

     The spontaneous rnagnetization and the susceptibility are mea-

sured simultaneously under negligibly small residual DC field and

exciting AC field using a SQUID magnetorneter. The critical indices

y and B are very close to the values for two different universality

cZasses i.e. 2d Ising and 3d Ising ones, respectively. This fact

is inconsistent with the scaling law and the universality in the

conventional sense.

     The temperature dependences of subsystern susceptibilities are

separately observed above TN by proton NMR in the external fie!ds
along the special dÅ}rections determined by the dipole sum tensors.l6)

The susceptibility xA of A subsystem shows a broad rnaximum around

7 K (bl 2TN). WhÅ}le xB of B subsystem follows the Curie's law for

S= 5/2 and g = 2.0.

6
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     In- Capter IVi the rnagn- etic ordering of 2d Heisenberg antiferro-
                                                         '                                      l7)!r,agneLL unde-r the fÅ}eld is investigated.                                           It is expected a
                                   ttcrossover phenomena of spin symmetry Erom the Heisenberg-type to

the xy-type induced by the field. The fuUy Tnapped !V-H (temperature=

magnetic field) phase diagram of lqnF2H has been detemrtined by the
                                                  'measurements of magnetic heat capacity and susceptibuity.i8) The

critica! field which is the transition field from spin flopped '
                                                   'to paran.agnetic state has been estimated to be I05 Å} 5 kee at
                                                           'T = O K, which gives "Lb.e intra-layer exchange constant ICrl/kB =

O.35 + O.02 K. The magnetic structure in various phases and the
     -
                                                               '!nechanisms of transitigns under the field are exarnined by the

rneasurement of proton Nr4R. An anomalous increase of the N6el
                                                                 '
temperature TN(H) which is nearly linear with increasing field has
                                                                   l9)been found in this 2d comp, ound as in the case of quasi-ld cornpounds.

!rhe anom.alous- increase of TN(H) in the field has been found to

be attributed to a crossover of spin symmetry from the Heisenberg=

type to the XY-type induced by the field. The absolute values of

magnetic heat capacity of this 2d XY system induced by the field
                                                                   '                                                                    '                                      tttof H = 20 kOe have been cornpared with the theoretical values expected
for the 2d plane rotator model.l9) A quantitat-'ve agreement has

been found between them in the paramagnetic temperature region.

     In Chapter V, the phase transition of randorn diluted 2d

Heisenbetg systern Mnl-xZnx(HCOO)2'2D20 (MnZnF2D> is investigated.

The randorn dilution of rnagnetic ion may be taken a kind of syrnmetry

breaking purturbatt;on. Three successive phase transitions are

observed in this quasi-2d random magnetÅ}c system by the measure-

ments of, susceptibil•ity and spontaneous raagnetizatÅ}on using a

7
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                                                         'sQum rnagnetometeri5'20) and of heat capacity. There are three

                                                 '           'transition temperatures To, Tpl and Tp2 (To > Tpl > MÅ}p2)'

CombinÅ}ng with the experimental results of neutron diffractzonr

the second transition point Tpl is sure to be the 3d long range
order ternperature.l5'21,22) The first transition point To is that

from the paramagnetic Å}nto a kind of 2d ordered state. The third

transition point Tp2 is that frorn the intermediate 3d into the

final unified long range ordered state.

     In Appendix, the phase diagram for Cu(HCOO)2'2H20.2CO(NH2)2

(CuFUH) under the external field is investigated by the measurernent

of dÅ}fferential susceptibility. This is a supplernent of chapter IZ.

SZ-2. Expenmental procedure
                                                         '     Nuclear magnetic resonance of proton was measured by the

conventional steady method. As for the experiments under the zero

field or small external field, the second- and first-derivatives

of NIYER spectra, respectively weTe detected by Åíield modulation and

frequency sweep. And as for those under the high external fieldr

the first derivative were detected by field modulation and fie!d

sweep. The NMR experirnents at higher frequency from l to 40 rqHz
                                                24)were performed by the Robinson type spectrometerr                                                    and those at

lower frequency frorn 500 kHz to 1.5 MHz were by another Robinson
type spectrometer25) which is sensitive in iow ' frequency oscillation.

The experirnents at higher frequency than 40 MHz up to 250 MHz were

performed using Hew]ett Packard vector voltmeter 8405-A. The block

diagrams are given in Fig.!-l and Fig.I-2, respectively.

     The NMR measurernents at the temperatures above 4.2 K were made

8
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in adiabL=.tÅ}c cell. In order to avoid the heat up caused by eddy

current losses, the thermal block consists oE qua]rtz plates. 9uartz

has an excellent heat conductivÅ}ty below 50 K which is alrrtost

comparable ;dth that of Cu metal. The ternperature eontrol is
AT/T E 10'-4 at the ternperature below 20 K. ' '

     The direction of external field is corrected pxecisely by
                                                      '                                                              .additional field which is perpendicula= to the raain tield and xs
                                                               'generated by the small-sized handrrtade superconducting magnet.

Accordingly, che fie!d direction is able to be setted spatially with

the error less than O.20. rt will be described in detail in gZr-2.3.
                                            '     The exe.erimental method fo] rneasuring Yhe heat capacity was

essentiany the same as ever reported.25'26) The ac susceptibiiity

was usually measured by Hartshorn bridge method operated at the

freguency of IOO Hz with the am.olitude of about'l Oe.

     The temperature dependences of the spontaneous rnagnetization
and ac susceptibility ' at zero field in the immediate neighbourhood
                                         'of TN was measured sirnultaneously by using a SQUID magneterneter.

The zer-o field rneasureTin"•avnts are inade at neg!' igibly srnall residual
          '                    'dc field including earth field and a suppression of exciting ac

field intensity. Both fields are less than 5 mOe. rn order to

obtain the spontaneous magnetization, so-called "field cooling"

method is applied.

     Neutron difi.'actx'on experiment was perforrned by using the

double axis spectro-"•'•ueter of Institute for Solid State Physics (ZSSP)r
                                     'the UnÅ}versity o-i :o:s.vo in JRR-3 of JAERI, To]<ai. Fo]r che quasi

e!astic scattering, the triple axis spectrorrteter of ISSP in JRR-2

is used wx' thout doing energy analysis, to irnprove the S/N ratio of

ll
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the Bragg ridge, and also used to detect the Bragg points.

SI-3. Sai ple preparation
                                            '     Samples of CuFUH and CuFUD of which protons are deuterated
                                                                '                                               'except fior the protons of formic radicals were used for the experi--

rnents in Chap.U. The single crystals of CuFUH (CuFUD) were grgwn frorn

saturated agugous solution of CgF4H [CuF4D] and (NH2)22CO [(ND2)22COI
              '
by recrystailization using the temperature dependence of solubility

in the ternperature range between 200c and 300c. The single crystals

were grown frorn seeRu cLvystals n' ung by nyron tibers in the solution.

Single crystals of CuF4H and CuF4D were obtained in the same way.

Colors of CuFUH [CuEUD] and CuF4H [CuF4D] are blue and light blue,
                                                   'respectively. There are not change of colors and lattice structure
                                              'by deuteration.

     Single crystais of )'ilnF2H and !••lnF2D were grown by a slow

evaporation o-`, satur.=.ted aqueous so!ution at the constant temperature

about 500c. Coiors of l•lnF2H and MnF2D are light pinc. These samples

were used for the experÅ}ments in Chap.XU and ZV.

     Single crystals of ilCnl.-xZnxF2D are grown by the following
          20)               Firstt the deuterated powdered specimen is preparedprocedure.

by usual slow evaporation method from the saturated heavy water

solution of the mixture oL" the hydrated salts MnF2H and ZnF2H oÅí

reagdn"L grade. Second, in a saturated heavy water solution of the

powdered specimavn mentioned above, single crystals are grown by
                                                                'suspending small seed crystals whicn' are quÅ}te transparent and of

good outer shape, by fine nylon fÅ}bers. In the whole recrystallization

process, the saturated aqueouS solution is kept at constant

                                l2
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tempe-raiure of about 500c and at a constant and homogeneous

concen-L'r• ation by a steady stiring of the solution at a constant .

sneed ' in Vnermostat. In this way, transparent crystals of light
 L
p.inc color and of nearly hexagonal block with linear diraension of

                                                                'about 5 mm are grovvn in several weeks. On the single crystals such

prepared, the ac susceptibility measurement is made in order to '
                                                     'check the randOmness of dilution. -                               it '
              -- - -     The substztutzon ratio frorn pxoton to deuteriurn is about 9e 9o

after twice deuteration L--or CuFU7F.. These ratios are

larger than 90 g fo.v• lk,n="2H and }vlnl-xZnxF2H. The deuteration'is

very im.portant for =' he experiment of neutron diffraction because

                                      'of incoherent diffraction of protons.

l3
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                                         '
C h a p, t e r I I . O r d e r i' n g o f c u ( }I c o O) 2 ' 2 H 2 0 ' 2 C O (N H 2) 2

                    ahd cu(HcOO)2.2D20.2CO(ND2)2

Sr!-l. Characteristic of Cu(HCOO)2'2H20'2CO(NH2)2
                                                           '                                                       '                                            i     The crysta! and the magnetic structure of Cu<HCOO)2'2H20'2CO(NH2)2
                                            '(CuFUH) are essential!y the same as those of,a well-known quasi==
two-dÅ}rp.ensional antÅ}ferromagnet,Cu(HCOO)2.4H2o (cuF4H).I)

[Vhe crystal of CuFUE has a distirCt layer structure with copper

form.ate sheets Paralle! to the (!OO) plane as seen in Fig.IZ-l.

An cu2+ ions are in- tlnes (IOO) plane and forrn a slightly distorted

square lattice which is almost the same as in CuF4H. [Phe bridging

forTnate groupS provide a superexchange pathway in the plane. The
                     2+ .                        -ons are separated by water and ureaadjacent planes of Cu

raolecules, while U--o:-av in CuF4H only by water molecules. Consequently

the inter-layer in"Ler• action J' of CuFUH is much weaker than that

of CuF4H. The cor,,-oouna' CuFUH approxÅ}Tp,ates a 2d Heisenberg anti-
ferromagnet of S = 1/2 with the intra-layer interaction J/k == -33 K 2)

lt is an interesting system in which a quantum effect like e.g.

spin reductioh may. be observed experimentally. !t q.oes into the

3d antiferromagnetic ordered sta"Le at TN = 15.5 K.
                                                       '     The compound CuFUH is a crystallogra.ohic two sublattice (C2)

system, rnagnetic basic properties of which are rÅ}gorously studied
                                          3)on the basis of the !inear responce theory.                                              For C2 system in
which the gLtensors of magnetic ions at the fuo sublattice points

are not eguiva!ent, the basic HamUtonian is expressed as

         ,kyC =No "7t", (2•i)
where"o is the Hamii`Lonian without external field and7tc/z is the
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HamUtonian of Zeeman Å}nteraction and expressed as

        ,)")L?. == -pB'l.jCSIg"i+S]2'g"2) rt (2.2)

                                    '
where g.l and g2 are the g- tensors of rnagnetic ions at l and 2 .

sublatvl ice pointsr respectÅ}vely. This Zeeman term is expxessed in
                                                              'ano"Lher foxm as
         ,kL-. = -vBl.j(sXi + sg)•g,•lil -- pBl.j(sl - s]i)•a•rt. (2•3>

                '
'

where rts =g"i.a.t.. (2.4)
5 and a are the average and the dÅ}fÅíerence tensors of ij1 and 'g" 2

detined by

                               '          5= l(5i+g2) . <2.s)
          a=}(ijl -- e2) (2•6)
                                    'and ci"l is the inve-v• se tavnsor of e}. From a physical view pointt

it means .the fact `Jna`L a C2 system under a uniforrn field is quite

equivalent to a crystal!ographically single lattice system <Cl

system) in which the g--tensoy of magnetic ions at ail lattice
                                                               '                       , -spoxnts are egual to g under both a uniforru field H and a staggered
      -.. sfield Hs. The staggexed field is genexally defined as a wavy

excitation field whose wave length is a half of the lattice spacing.

As the staggered rteld Å}s the conjugate tield of order parameter

of antÅ}ferromagnets, Å}t is just the staggered susceptibiiity that

characterizes the crÅ}tical phenomena of antÅ}ferromagnet. rn order

to distinguish this fictious Cl system, let us add a suffix "f" to

the physical quantÅ}"Ly of Cl system.

18



                                                              u

     The uniform and the staggered magnetization operator for the

C2 and Cl system are defined by

          iii'=pBl,j(ijISil+g2S)2) . (2.7)
                                                          '          3iiS-pB\.(gisl -- ij2sl) ' - (2.s)
                z] .                                                        'and -lilb f = uB zj jij (sl+s]i) , (2 •-g>
         ']ii"E == uBz..jei(sl-s]2'), (2.lo)

respective!y. The uniform and staggered magnetizations of the C2

system lvl and L, which are the canonical average of<m>and<Åí>, are

                                 AArelated to those of the Cl system Mf and Lf by the equations

          M- rtf+a• ij'i Åëf, ' (2 ai)
and lt='L-X f+a•g'i•ig}f. (2.i2)
                                                    'owing to this one to one correspondence between the Cl and C2

systems all the magnetic properties of the C2 system can be derived
from those of the cl system and vice versa.3r4r5) -'

   . Ip the following, the basic properties of a Cl syStem is ex-
amined when both an external unifi orm and a staggered fields are
                 'applied. If the external fields are weak enough and the system is
                                              'in the paramagnetic statet the uniform and the staggered magnetizations

Mf and Lf are expressed by the linear combination of H and Hs as

          'follows.

                      '                                         '          -lgrf=x.f -F5..+xG. ti', (2.13)
                               '          -S Nf -S Nf-X          ]tsf == XsuH+ Xs Hs' (2•!4)
           • -f                         -f                             are the uniform and staggeredThe coefficients x                     and X                  us                          su

                                19
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m,.agnetizationS induced by a unit staggered and a unit uniform fields,

--
, e$pect-i vely. The coefficients x{ and xsf are the unifoE.m and the

staggered susceptjbiUty tensors, respectively.
                                                 '     putting eqs. (2.l3) and (2.l4) into eqs; (2.ll) and (2.!2),
              'thd uniform susceptibility of C2 system, which is defined by

Dil = Xu.H, is written as

          x. = Nx.f + "x".f.•ij-i•a + ia•,g"'-i•x.f'. + a•ij-'i••x.f•g'i•a. <2.is)

The efTlective staggered susceptibUÅ}ty of C2 systerrt is deEined by
t= Nxsef.1, then

         'x"e.f = Nx.f. + R.F-•ij-i•a + a•s-i•NE + a•s-i;'x".f.•a-i•a. (2.!6)

"i'hus in the real C2 sysLLem not only the uniforrn rnagnetization but

also the staggered =•uagne-Lization ara- imduced by applying a uniform
field #'. The co-rresron•-dÅ}ng suscepiibilities Xu and Xgf are

expressed by the li, -".ear cop[binatio.n of the uniform. the staggered

and the cxoss susce.p"tv-ib"ities of the Cl systerrt.

     The uniform susceptibUÅ}ty is obtained directly by measuring
                                              '                                               'the ac susceptibÅ}lity by taking the limiting of zero freguency and
              'amplitude of `Lhe excitation fÅ}eld. The effective staggered
                                  'susceptibility is telated to the Å}nternal field of nucleus and
   '

aL' hus to the NMR frequency. The shift of NMR freguency from that

of free nucleus Å}s expressed as

                               '                                                            '          AcD == il.l'y•fi''(iX+'N. + A-•Nxe.f) 'rt .(2.i7)
                                                      '           '                                                    '       Lwhere 7/= = Al Å} A2 and Al and LK2 are the interaction sum tgnsors

of the nucleus with the neiglqbouring magnetic ions at l and 2

20
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                                 Asublattice points, respectively. H is the unit vecto-r along the
exte-rnal -field direction. once we know Xu and "Ke sf , using egs.

(2.15) and (2.l6) we can get the information on che uniform, the

staggeravd and the cross susceptibilities of the Cl system. rn the
special case in which the zero field HarnUtonian7Sto; does not

include any antisyr`nrnetric term for the interchange of sublattices,
the cross susceptibilities Nxuf s 4nd 'x"

sf U are exactly zero since these

quantities are an`L-S.syn."etric for the interchange of sublattices.
                                           'Ru and Rgf are shorted as '
          x. =x{+a•g'i•Nx.f•g-i•a ' (2.is,)

          Rgf-N.f•ij-i•a +a•g"ievG. . (2n6,)
                                               '
!n anttterro;nagnet the staggered susceptibility grows much larger

than the unizlorm susceptibility with decreasing temperature towards
TN (Rg >>XE). So i-F "".',sf diverges at TN, the tempeirature dependence

of Ru is in proportional to Xsf near Trg (Xu nt l{ll2.Xsf), although

                                                               'Xu is almost expressed as 'x" uf at high temperature. There are two

contributicns of Xu and "x"e sf in the line shift of N),4R. Near TN Aal

is in proportion to Isef <Aal = lgleftsf ) and the proportional

coefficient of Atu is as about Ig/al times large as that of Xu

(susceptibi!ity measurement). Ia/ijI is about 1/25 in this salt

as shor,vn later in SZI--2.2 experimentally.

           '     using above staggered field effectr the anisotropy field (HA)

and the inter-layer exchange field (HE') are estimated. ),lagnetization
curves at 4.2 y,6) ar•e shown in Fia.Il-2. Below T                                                   sublattice                                 J Nr
rnornent is aligned aiong nearly c-axis (or L3-axis). The relation

between the crystaLline axes and the principal axes of the magnetic

susceptibility is shoZM in Fig•XI-3. The Li- and L3-axis, and the
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Llg- and L3g-aXiS Were determined from the rnagnetic susceptibility

and the ESR measurement, respectively. When the external field is

applied along the Li- <L2-)axis, the staggered field is induced

along the L2- (Li-)axis. And the bendings of magnetization were

observed at H -N 2 kOe and 10 kOe for the field applied parallel to

the Li- and L2-axis, respectively. This situation is analogous to

the case that the external field is applied perpendicular to the

easy axis in ferromagnet. So it is possible to estimate the

anisotropy field using the staggered field effect. Using that the

value of d/g equals to about 1/25 in this salt, we can get two
kinds of anisotropy field as Hjk = so oe and Hjl = 4oo oe. The exchange

field HE which is known from the intra-layer interaction J (J/k =
                  6-33 K) is 1.7 Å~ IO Oe. Consequently we can evaluate the degree
of anisotropy a E HA/HE as 5N24,Å~ IO-5, which is excellently small.

     While, when the external field was applied along on!y L2-axis,

the jump of magnetization was observed at EI = 500 Oe in Fig.r!-2.

The field of this jump is a good measurement of the inter-layer

coupling J'r because this jump is occured owing to the phenornenon

like the metarnagnetic transition concerning inter-layer antiferro--

magnetic interaction. Inter--layer exchange field HS is estimated

as 3.5 Oe using the staggered field effect and the discrepancy

between the direction of spontaneous rnagnetization and that of

staggered field, and the ratio of inter- to intra-layer interaction
R E IJ'/Jl = HE'/HE is given as 2 Å~ 10-6. After all, cuFuH may

present a closest system to the ideal 2d Heisenberg antiferromagnet

of all existing real materials.

     For CiF4H similar estimations of a and R can be achieved, a

is almost the same and R is as about twenty times large as that of

                                24
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cuFuF:, resp, ectively.7r8)

                                              '
                                                 .     Ihe phase transition oE CuFUH at T-N = l5.5 I< -s VerY

characte:rtistic. The teinperature dependence of susceptibility and
heat ca-pacity for this salt is shown in Fig.lr-4.2) A remarkable

peak of susceptibility at TN certainly shows an onset of the phase

transition at the temperature. A very small peak of heat capacity

is found a`L TN. The extra entropy associated with it was about
O.O06 9. of the total magn.etic enti'opy Rln2 (where R is the gas

                                               '                                                '
                                                          '

                          '
SII-2. :.xperimental results and analysis.
         .                                      '!r•-2.l Spin reduction
                                                      '                                                          '     The result of angular dependence of NMR frequency (pattern)
of CuFuD in the ac-plane at T. I l7 K > T                                          (= 15.5 K) is shown in                   -N
Fig.II-5. This pattern was examined undeac the external field of

7.57 kOe. The solid curve is calcu!ated using the induced staggered

rnornent along the b-axis which is induced by the Li-axis component

of the external field. The'rnagnitude of induced staggered moment
                                                         'at this temperature and under the field.is 4.l Å~ lo-2! emu/ion,

which is about 42 O-. of the full moinent. The Eitting of the data

to the ca!culating inta-rnal fi'eld with the use of point dipole model

or dip, ole tensor is roughly good. And the value of the induced
staggered Tn.ornent (42 V is consistent with the result in cuF4D.4)

     T'he positional parameters of seven crystallographÅ}cally non==

equivalen`L protons in the unit cell are listed in 'i"able !I-l.

Using these positic•nal parameters, the dipole sum tensors in 4 sub=

lattice sLLructure an•..S in 2 sub-lattice structure are calculated
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T/ able II-2.
il

T, he dibole sum tensor of
   4 sub lattice spin
         ( x lo22 )

Curuh'-

 stHruc'tur.a.

( cm-3 )

X y

-O.30 -2.66 X
H.F 4.91 O.36 Y

-- 4.6l z

-2.08 -5.I5 -O.38
F.It. -- -O.05

3.92

-l.16 -2.92 -- 2.04
H2 -1.82 -O.I5

l.35

-O.Ol -O.I7 1.38
H3 -4.85 •- O.Ol

4.86

2.83 -- O.39
Ft-4

i

-- 3.38 O.02
3.83

-6.45 -2.54 -2.38
Hs 3.11 -O.27

3.34

-6.49 -- 3.!1 3.I2
F.'.'

6 3.47 O.56

!
3.02
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rra]ole !I-3•
II

The cl i p, o le s u m te n so r 'o f C ul U }I

   2 sub lattice spin stkv.ucture
          ( Å~ lo22 ) (cmm3)

y

,

-O.25 -2.59 -- 2.37 x
HF 4.97 e.36 y

-4.72 z

2.49• 4.46 -O.38
Hl i-l.88 O.03

-4.37

1.30 l.44 O.71
H2 o.e7 O.15

-l.37

-O.03 O.I6 -l.52
H3 5.27 O.Ol

,

l -5.23
i

liO.41 -- 2.39 -O.03
H4 3.78 -O.Ol

-4.19

-7.75 -2.I2 -l.56
Hs 4.00 -O.28.

3.75

-- 8.08 -2.69 3.30

H6 4.24 O.55
3.84
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and 1isted in Tahle II-2 and Table II-3, respectively. nihe spÅ}n

siructuL'e formed by `Lhe induced staggered moment Å}s 2 sqb-lattice

structure in which arrangements oÅí inter-later spins are parallel

and intra-layer are antio.arallel. While, in 4 sub-lattÅ}ce structure

the arrangements of both intra- and inter-layer spins are antiparallel.

    For the purpose of determination oE the spin structure and
the spin reduction in ordered pri.ase at zero field, proton NMR

experiip.ents were per-`ior• .med for bo`Lh CuFUH and CuFUD at 4.2 K. The

                                             'angu!ar dependerice of• -r=..sonance frequencies was investigated in the

bc'- and the ac-planei Figure rr-6(a) and (b) are the pa#terns in

`Lhe bc'- and ac--plane under the field of about 50 Oe, respectively.

From the figures, Å}t is found that there is no b-(y--)axis component

of internal fields at all proton sites. This situation is understood

that there is no y- (b- ) axis coi". ,p onent of sub lattice ma gne ti za tion

considerÅ}ng the symm,et.rxy. T,1ie internal fields at the proton sites

are calcu!ated usin•g tthe dÅ}pole-dipole interaction as foUows,

                                                          '       nf 4) . zs Sa:).L (4) .. sS4•).L (4) (2.ls)
         X jl) J - -
where HS.4ijs the in-iernal field at the Å}-th proton site, L](.4) is the

spontaneous sulD-lattice staggered magnetization of j-th sub-Xattice
and EE.4) is the dipole sum tesnsor at the i-th proton siter which

is alrep-dy shown in Table U-2. The line of proton in formic
                                      'radical Å}s deterrie=ined from the experirnent of CuFUD. Using this

result, the spontaneous sub-lattice magnetization was determined
                         'by least square f-l "vting as follows,
        fLi[r4) = o•7s Å~ lo-21 emu /ion

        i        lL(4) =o L(4) == s.2sÅ~lo"2i emu/ior
          y
           (4)                         -21              = 5.23 Å~ IO                             emu/ion         L           z        N
                               31
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                                                              I!

                                                        '"i"he amplitude of the cantÅ}ng rnornent could not determined by proton

N•D•!R mgasurement. Scheruatic spin structure is shown in Fig.IX-7.
                                                          'g:g"g.thr2e,?gg:p2i.glggk:.::6ghi2.h.si.: gLig=.gtgingt3g.] g'li,.,,',

      3g
and the spin reduction is deterrnÅ}ned as AS = 45 O-o. The calculated

internal fields from these sub-lattice rnagnetizations are li$' ted

in Table !I-4 and compared with'.the experimental results. Agreerttent

beUveen thertt is .ra"us'ner• good. An important thing is that this

experimental resu]ts ar• e explicable with only the unusual magnitude

of spontaneous rnomen'L'.
                                                                  '                                                                 i     The spin reductÅ}on under the external field was also investigated

by proton NDJIR. Ywhen the external field is applied along a*-axis

(or ac-plane), the s`Lagge-red morin.ent is induced along b-axis.
                                                            '                                                    'Above the fie!d oi, 2 moe at which -I he bendÅ}ng of magnetization was
observed,6) 2 sub-!att2'ce structure is reaiized. The internal

field of i-th pro"i on ft:i2) is expressed.as Åíoll'ovs, using dipole

sum tensor in 2 sub-Å}attice str-ucture,

                '                                                  '          .E. 2) - i. ffE. i)•LS. 2) = fi;. 2) •.<2) - (,.ig).

where L(2) is the staggered sup' -!attice rnagnetization and has only

y-component. As the external tield Hex is along a'"'-- (x-)axis, the

resonance condition is expressed as

                                          '          IH.."HE/2)I= IHol ' (2•20)
where IHol is the -yesonant ce field of free proton (IHol = vo/\: vo

                        ttis the resonance freq,uency and y zs the gyromagnetic ratio).

EquatÅ}o-n- (2.20) is that of the second degree with resDect to the
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                                                              Il

staggored sub-la-i tice magne'tizaticn L(2). As L(2) is along y-(b-

,Or.,l2?,:81ai,i'S;:%?g..gL.2.g.:,=.ki;.,th:.M:?n;tgS,O.fi",-ii,,Mg::/nl.21

The change oE Ly with incmreasing field was investigated experimentally
                                                                    'and sbown in Fig.IZ-8 eorn}paring with Lf. The spin reduction AS is

30 Å} 3 O-. and almost constant between 2 kOe and 54 kOe. This value
                                                               9)AS = 30 O-. is good agreement with the theoretical value of 28.2 O-o
                                                                'by the spin wave theor• -y taking into account kinetic interaction
                                                                '(due z'o finite ir-agnÅ}tnde of spin). This fact suggest the accuracy

of dir.vole sum tensor again.

     Ihe anomalous large spin reduction AS = 45 Z at H = O (in 4

sub--lattice structure) is obtained uSing the same dipole sum tensor

which is used to get AS = 30 e-o at H > Hbend(in 2 Sub-'lattice

structure). So the value of AS == 45 06 at H = O must be sure

experi'i"ttentally and anornalous value. ThÅ}s reduction value is almost
                                              IO)the saTne as that of CuF4H (AS = 47 ?) at H = O.

IZ-2.2 Observation of staggered susceptibility

     :,•lagnetic susceptibility of CuFUH was measured between 1.2' K
                          2)                            (cf. Fig.r!-4). A broad rnaxirnum ofand 90 'K by Yamamoto et.al
                            'the uniformt susceptibility of antiferrornagnet associated with the

develop, ip.ent or" short range order was observed near 60 K. A rerna]rkable

peak vas aZso found at 15.5 Ki which certainly shows an onset of a

phase transition. This e.eak is caused by the staggered susceptibility

accorc:ing to the d2scription in gll-!. Magnetic susceptibility in

high -:-emperature ret=.icn agreed with the calculated one by high

tem.oera'ture series expansion wit] J/k == -33 K down to about 60 K.
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     Irv' is possible to measure the staggered suscep"Libility directly.

by proton Ni"4R method according to the discription in gll-1. r.igure

!I-9 shoEvs the line shiEt of a proton in formate radical, which is

caused by the staggered moment veysus the external field, which is
                                                               'propoytional to the staggered fieid. T,he initial slope Å}s propor-

tional to the staggered susceptibility. Therefore we can get t4e

temperature dependence of the sta{gered susceptib"ity. above Tt

up to 28 K by the .m..easureraent of p'roton NMR and the uniform suseep-

tibilÅ}ty. Log-loq. r.]o". o' f this stag.gered susceptibility. xs and

the reduced tempera='  ur•e e = C[r• - [rN)/TN Å}s shown in Fig.IX-IO.

rt looks strange that the rounding begins to occur -far frorp. the
            'critical point (e !2Å~ lo-1). Accordinq- to gu-z] the pa.agnitude

of g2xsf z's dtt'termined by the direct measurernent of susceptibUity.

      f'        is also dete-ymÅ}ned by the rneasurement of internal fÅ}eld ofand gX      s
proton using-NMR method, where g is estimated la/gl. As to this

salt, the next relation is practically realized.

                                              '                                                       '          g2Xsf -- l+23(xLl - x.T.3) r ll23'xzl , ' (2.21>

                                                            'because x]l3<< xm for the low temperature. So, the value ofgand.
absolute xsf x's calculated from the experimental results, and g r l/25.

                                                             t .ttt .     The the6'xetical ttr'e'diction for the susceptibÅ}1Å}`Ly (x) of tl/ie

c!assica! two-dimensional Heisenberg ferrornagnet, as calculated

directly firora the icen-term high-temperature series expansion becomes
unrelÅ}able .Fo'  r t =- kT•/J -'" 1.s.ll) The blending of block-spÅ}n RG

                         'ideas w•Å}t'n Mon-ie carlo techniques has grea'tly increased the versa-

tility otF the. se me=' Lr:ods.l2'i3) honte carlo data ca!cuiated using

                                                    'one-coupling HamÅ}lrcnian is extended down to t i kT/J st 1.l4)
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                                                              II

     our ex-:,)erirnental data for the staggered susce}ptibUity xsfr

which is nerma!ized "Lo Curie's susceptibÅ}lity C/T, are D. Iotted with

the theoretical ones (i.e. X/J•1. C. data and the data by hÅ}gh-temper-
                                            'ature serL'es expansion and by low-ternperature renormalizatÅ}on group

rnethod) Å}n Fig.!I-ll. VtJith decreasing ternperature, the experimentaZ

data becomes extremely small comparing with the data by the low=
                                                                '                                                              '                                                            'tempera"Lure renormalÅ}zation group rnethod. nihe cause of chis dis-

crepancy may be regarded as t/he E q' uantum effect on susceptibility.

Because the staggered :.avernetization or the order parameter of

antiferromagnet does nst commute with the exchange Harniltonian.

ZI-2.3 CriticaX index oi spontaneous staggered moment

     The antiferromagnetic axis in 4 sub-lattice structure below

TN is nearly c-(z-)axis at zero field. Under the externai field,

the rotation of spins is known to be caused by the staggered field

effect as described in glr-2.l and 2.2. When the external Åíield

reachs a certain valve Ht, 2 sub-!attice st-ructure that inter-layer

spins are arranged parallel is realized. The resultant phase
                                                     'diagraru in the ac-plane is shown in Fig.II-l2 for the various

                     . There exists the L3-axis where Hternperatures below T                                                         turns to                                                       t                    N
be infinitely large. The phase diagram is symmetric around the

L3-axis. This phase boundary can be explained as the curve on

which the rnagnitude or" the staggered field is constant or the Li==

axis component ol t'ne external field xs constant. (Li-axis i$ per-

pendicula-r to TJ3-axi•s.) rn other expressionr Ht(e)'sine is constant

                                                              'for any e, where .• Å}-s -ihe angle from L3-axis and Ht(e) is the '

transitÅ}on field f• ro.y. 4 sub- to 2 sub-lattice structure at the angle.

Ii]hen the exteztnal trield Å}s applied along the L3--axis, there is not
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II

,.nv st,==qered field effect at all. In the sense, this ordering Å}s

essentÅ}•al-]y the sarrte as the ordering under the zero extornal field.

:m:ov7eveLt, in the case the observation of spontaneous magne"Lization

                                               'by rn,:IR is possible to be made under the externa! tield or in high

-Freguency region. Therefore the observation is more sensitive in

the vicinity oE the critical temperature under the external field
                                              'than the,zero field. For such ap observation, it is necessary to
                                                      '                                .set aL'he direction o.=, external field along tihe L3-•axis precisely.

                                             .-!t is possible to set `L'he external field along the L3-axis within

O.20 in the ac-plane, but dif.Ficult to set the field exactly per-

pendiculax to the b-Cy-)axis. [ehis difficutlty was overcorned by

setting an addÅ}tional field HÅ} which is perpendicular to the rnain

external field. "ihe discrepancy of sample setting in this case was

kept less than O.80 thom "Lie ac-pZane as shown in Fig.Zr-l3.

     The temperature dependence of the line shift of proton N}JIR

under the externa! field applied along the L3-axis is independent

upon the rnagnitude oL= 'Lh,e field. The N6el temperatures in the
                                  'fields decrease s!ightiy D' y the effect of the uniforn field (T                                                             (H=O)                                                            N
= 15.5 Kt TN(HL3=10 kOe) z 15.1 K). The t'em-e. erature dependence of

the line shift down to l.4 K was examined and the part of the

viciniti! of TN is shown in Fig.II-14. The syipinetric lines which
                                                       '
appear both above and below the free preton show that 4 sub-lattice

strueture is rea!ized beiow TN. The derived sptn reduction value

extra-1 olated to r, = O K Å}s in agreement with the result in gXr-2.l

(AS = 45 e-.). [vhe -te;,n.r.`.=.rature de-pendence and the magnitude of the

line shi:7t does not ct'epend upon the rnagnitude of exxternal field

at a!l m' thin the measuxed field range. This fact rneans that this
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                                                              1!

line sh-i.ft is mostly deteyndned by only the spontani eous rnagnetiza-

tion. ]og-!og plot for line shift versus reduced temperature e =

IT - nÅ}}.T, I•/[rN :'Ls ShOwn in Fig.II-l5. Line shift o]r spontaneous

rnagnet-5 zation fo11ows a por"Jer law at very wide e range, iob3 < t

<s Å~ l•o-1 as seen in the figure. The critical exponent B is'

                          'O.22 + O.02.
                                                             '     !n the cornp, ound CuF4H, Xsing anisotropy is almost th.e sa;rte as

and inter-layer inter• action is abou"L twenty times larger than that

oE CuFUH, respectÅ}ve]y. By the sirnilar,experiment, the crÅ}tical
exponent B is ob tai .n.ed as fo nows, B = b. 22 + o. oi for io'i < e
                                           -< 4 Å~ io'i and B = o.3o Å} o.o2 for io-3 < e < iooti shown in Fig.

!I-!5. The latter value 3 = e.30 is in good agreement with the
                                                             IO)result ore proton Nl•:R under the zero field by Dupas and Renard.
                                        '                              '

g!I-3. Discussion
                                       '     According to the hypothesis or" universality, the following

phenomena would be expected to occur. If the rsing-type anisotropy

is added to the 2d HeÅ}senberg systemr the value of critical exponent

B m.ust be that of 2d Xsing universality class (B2dl = O•l25)-
        ';"JhUe, if, inter-layer coupling (J') is added to 2d Heisenberg

syste!n.,, 3 must be the value of 3d universa!ity class (B3dr = O.31

"V B3dH = O.35). For exarnples, K2NiF" and K2MnFg are known to show
the 2d ising like index.l5) whue, K2cuF'gl6) and t4n(Hcoo)2•2H2o,l7)

etc. are known to s!n-t.hw the 3d system's indices.
                                         '     As mn..ntioned i=•. S'II-2, the value of B = O.22 is obtained for

CuFUD. T/his sal-i is- g{uasi 2d Heisenberg systerrt, Ising anisotropy

and inL, er-layer i'nter• acti'on are boaLHh extreriely small. Tn' e exponents
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close to B= O.22 have been also observed in a certain e range of

some rnaterials, e.g. MnF2H, CuF4H, K2CuF4 and so on (cf. 7?able TI-

5). The result of log-log plot for CuF4H is also shown in Fig.U-

!5 and that for MnF2H in Fig.IIX-6 in Chap.III. The e range which
indicates B = O.22 is comparatively wide for imF2H (2 Å~ lo"2 < e

< s Å~ lo-1). [vhe index B = O.22 for wide e ranges in these two

examples i.e. CuFUH and !4nF2H may indicate that the value is not

the interrnediate one in the crossover regions. The value of R ==

J'/J and a = HA/HE on various materials are summarized with the

observed values of B and indicated in Fig.IZ-l6. [Che dotted line

of J'/J =1 indicates the pure 3d system. Turnig to the left in

the figure, two-dimensionality of the system becomes increasingly

good. Whiler turning to the right, one-dimensionality becomes

increasingly good. Turning to the uppex side, the system becomes

growingly Isihg like. While, turning to the !ower side, it becornes

growingly Heisenberg like. The ideal 2d Heisenberg systern is

located at the limit of left and lower side. It is well shown how

ideal CuFUH is in comparison with other materials. 2d Ising systerrt

which Å}s solved exactly is located at the limit of left and upper

side. The materials, the value B of which indicate about O.22 for

the tem.perature range far frorn the critical temperature, are located

at the position of neither 2d Ising like nor 3d system.

     The perfect 2d Heisenberg system has not any spontaneous mag-

netization at a finite temperature at all. But with a certain

small perturbatiop-, the system may go into a new kind of universal-

ity class. For CuFUH, MnF2H and CuF4H, antisyrnrnetric interaction

might be the small perturbation. For the other cornpounds, the
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value 3 of whic} indicate about O.22, the origÅ}n have no-t been
                                                           'discussed in detaÅ}1. Xt is expeeted to seek some possible pertur-

bations if anyt whicn' introduce such a new unÅ}Versality c!ass.

     The va!ue of spin reduction in 2 sub-lattice phase is in good
                                                               'agreement with the theoretical value for S = l/2 AS == 28 O-a by the
                                             'spin wave Vneory. The co!nparison with the other quasi 2d Heisen-

berg antiÅíerromagnets with la-rge spin reduction i$ shown in Table
                                                  '!I-6. [Vhere'a]e no gxar"pte for S )-r !/2 except CuFUH and CuF4H.

The guestion is the evause of large spin reduction in 4 sub-lattice

phase at zero fÅ}eld. T]-is a.noma!ous large reduction should be

attributed to the inter-layer antiferromagnetic interaction. Because,

the intra--layer antiferromagnetic interaction in 2 sub-lattice phase

is just the same as that in 4 sub-lattice phase. The values of

spin reduction have been calculated by the spin wave theory fox

che case of 2d and 3d Heisenberg antiferromagnets. However, it is

unknown for the case of intermediate of 2d and 3d Heisenberg anti-
                                              'ferromagnets. Xt irLay he suggested by thÅ}s experiments that the
                                                    'model of 2d Heisenberg antiferromagnet with the very small purtur-
                                                '                                         'bation for symmetry breaking which expresses B == O.22 is possible
                                               'to indicate the larger reduct;on than the pure 2d Heisenberg anti-
                                  '                                                      'ferromagneU nÅ}here is other possibility except for the guantum

effect. For instance, a sÅ}rnUar situation to the so-called

cliirali"Ly order. for triangular antiferromagnet rnay be considered

to happ. en in chÅ}s qu:-.dratic lattice concerned with the probable

                                                      '4 s ub - ! a t ti c e i n t -: r -= = ti o n i f a ny .
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Tab1e II-6.

   Quasi-tv;•o-dirnensional nea-rly

antiferromagnets with large spzn
Heisenberg
reduction AS.

s J'/J a expAS s.w. ref.

}4n(HCOO)2•2H20 5/2 109o 89o 40)

5/2 N25g 29)

r
ca2bin04 3/2 -oIO 339o 13g 41)

Cu(HCOO)2•4H20 Z,/2 479o 289o. 1' O)

cu(HCOO)2•2H20 1/2 -- 459o 28O-. present
•2cO(NH2)2 work

ref

J'/J : T/he ratio of inter-planer to
    i• n--ra-.planer in"Leraction.

a : Tln.e anisotropy in in`Ler-planer
    intn.. ractioni . .

s.w. : nÅ}he spin wave theory for 2-dim.
    'ri:eisenberg "lagnet.
•9) I. Ishikawa. & T. Oguchi.: Prog. Theor.'

    Phys. 54 (l975> i282.
* : The honevcorpb lattice.
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chapter II!. Ordering of Mn(HCOO)2.2H20 and D4n(HCOO)2.2D20

             at nearly zero field

 SX!Z-l. Characteristic of Mn(HCOO)2'2H20
                                  '      '      The compound Mn(HCOO)2.2H20 (hereafter MnF2H) is a layer
                                  '
 structure antiferromagnet and approximated to a quadratic Heisenberg
 systern of s = s/2.i-3) The inter-pianer structure of this compoundt

                     '                                     '                                                                 '                                                      ' however, is heterogeneous or cornposed of a alternate piling up of

 two inequivalent magnetic planes i.e. a strongly coupled antiferro-

 magnetic A (IOO) plane and another a!rnost ideally paramagnetic B

 (200) plane consistÅ}ng of non-interacting ions. Each paramagnetic

 B ion lies on a inter--plane interaction path -O(CH)O-Mn-O(CH)O-

 between the adjacent two A planes and say decorates the interaction.
                                                                ' Such a inter--planer structure is qualitatively different from any

 other quasi two-dimensional (2d) systems so far investigated like
 e.g. K2MnFuf) The crystal structure of MnF2H is shown in Fig.Tlr-l.

 The lattÅ}ce parameters and proton positions in this hydrated salt
 are lÅ}sted in' Table III--1?) Six independent protons are in the unit

                                                  ' ceU, two of whichr denoted as No.5 and No.6, belong to the formate

 radicals forming the intra-plane (in A plane) and the inter-plane

 (between A and B plane) inteTaction paths, respectively and rernain

 unchanged after deuteration as mentioned in next section (gZrl-2).

      This compound is an antiferrornagnet with some veMy weak but

 non-zero rnoment canting interactions i.e. antisymmetric exchange

 interaction, inequivalence of g--tensors and so on. Through the

 canting mechanism, the applied uniform field is coupled to the

 staggered moment in the system and the staggered one is recoupled
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Table IIX-l.

Proton Positional Parameters of Mn(HCOO)2
  .•2H2o

t. Positional Parameters

Preton x: y -z•
Hl(D)

.O.307'

O.099 O;261

H2(D) O.460 O.146 O.224

H3(D) O.203 O.I06 O.509

H4(D) O.227 O.891 O.551

d. -------I ---t--- ------- --p------

Hs -- O.065 O.283 O.227

H6 O.335 O.482 O.395
.

b (Y)

a --- •8'
.

 '

b= 7.
c•: 9.

B= 97

86

2,9
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                                                   'to the uniform onel'6) insuch a way, the fouowing. reiations are

found 'to be satisfied in the same way as those in glX-l:

          }ti`=nL/' '' (3.l)
                                                             '

la.nd XL=X{II'n2X61 ' ' (3•2)
                                                            '                                                             '                 '
where L and xs are the staggered rrzagnetization and the staggered

susceptibÅ}lity of the system without the 'moment canting rneehanism
                                 .
and the suffix /1 andÅ} !n.Leans the easy (b-) and the per.pendicular

(nearly c-)axis coT.n.T-onent, respeetively. n is a small coefficient

concerned with the can=' ing rnechanÅ}sims. The magnitude-of n is the
degree of moment canting and actua!!y about !o-3 in the present

case.7) Thus we can derive the characteristics of L and xs of

MnF2H, directly and accurately'  by a conventional magnetic measurements

especially in the r:ei,g]ftb urhood o-`• the critical temperature T                                                            N'
' The ratio o.f- e:ri• ect.S-ve inter--layer interaction between

A pla'nes through `Lhe ip.'L'ermedÅ}ate pararnagnetic B ions

to intra-layer interaction is es'L-` imated to be lo-3.8) The lowest

      'spectral term of the free'  r4n2ÅÄ ion is'  6ss/2 and its ground state

xs expected to suffer negligibly small crystalline field splitting
<< e.os c-rn-1) as reported in the EsR experiment oE r4n2+ ions.9)

The g-factors for the t4n2+• ions on the A and B planes are gA =

2•O05 Å} O.O04 and gB = l.993 Å} O.OIO, respectively. [Pherefore, the
            'A planes of linF2H may be approximated as a 2d isotrepic Heisenberg
                                            'antzferromagnetic :ystem.

     It is Å}nteresting to examine the tnfluence of heterogeneity

or such a modificaiL'icn oÅí inter-plane inteMaction on the ordering

of an especially Heisenberg-like system. Because, a 2d Heisenberg
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system does not order at a finite temperature and any small purturbation
                                                      'rnay give a remarkabie efEect on the onset of ordering. For this

purpose, the essential is the separate determination of two subsystem

quantities or susceptÅ}bility, spontaneous rnagnetization and so on.

     All the previous experiments tel! us that the thermal and

magnetic properties of MnF2H are well explained by a sirnple

superposition of those for a quadratic Heisenberg antiferromagnet

and an ideaZ paramagnet above TN indicating that the interactions
                                    '
are negligible not only among B ions but also between the subsystems.
Early susceptibÅ}lity rneasurementl) derived y = l.7 for the staggered

susceptibility in the ternperature range 1 Å~ IO-3 < E(= IT/TN h ll)

< 1 Å~ lo-2 , which is very close to 1.75 for 2d !sing universality
class. while the previous NMRI!) and neutyon diffraction2) showed

that the growth of the staggered magnetization of A s' ubsystern L                                                              A
below [DNr foilows an exponential law and a critical index of B =
o.23 Å} o.ol in the measured temperature range 4 Å~ lo-2 < e < s Å~ lo-'l.

This value of B is different frorn both O.l25 for 2d lsing model

and O.31 or O.35 for 3d Zsing or 3d Heisenberg rnodel, respectively.
            '     Such an interrnediate value of B may be associated with the

characteristic inter-planer structure of this compound mentioned

above. Indeed, the analysis of neutacon difEraction derived a small

but finite (about IO O-o of LA) spontaneous magnetization LB below

TN indicating a weak interaction between the A and B subsysterrts.
                                                  'So in this chapter we tried to examine the proton NMR on deuterated

salt MnF2D in detai•1 to determine the uniform subsystem susceptib"ity

XuA and xB above TN separatelyr and the spontaneous subsystem

magnetization LA and LB below TN, respectively. We also tried a
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simultaneous accurate measurement of susceptibility and spontaneous

rnagnetization of MnF2H at zero fÅ}eld in the Å}mmediate neighbourhQod

                                                                'of TN by using a SQUID rnagnetometer.

glrl-2. Experimental results and anaiysis ,
rrI-2.l Separate observation of subsystem susceptibilities above TNI6)

     The im ion system in the A pianes makes a long range order at
                                                         'TN (= 3.686 K) but that in the B planes still behaves pararnagnetically
down to the temperature far below TN.l2) The inter-planer correlation

is brought by pararnagnetic ions in the B plane. It is therefore

interesting te observe the temperature dependence of each subsysterft

susceptibility xA or xB, respectively. The separation, howeverr
has not been successful by bulk susceptibnity measurementl'13)
                                              'and also by conventionp-l o.roton NjvlR.l4) xn principle, it is found

possible xv-hen the N].-R signal is detected in the external field a!ong

the selected directÅ}onb'" as explained below. Here we report a

successful trial on xA and xB of Mn(HCOO)2.2D20 (MnF2D), the heavy

water substituted salt of hydrated one.

     There are two crystallographÅ}cally non-equivalent protons in
               ;the unit cell Qf MnF2D, which correspond to proton No.5 and No.6
                     14)                          The internal fields for these protons arein the hydrated salt.
                                                      .). -scaused by the ionic moments in both A and B subsystems rnA and mB.

The resonance line shift for these protons due to the internal

field is expressed by

          AHi(e) = CiA(e)'mA + CiB(e)•mBr (i = 5 or 6), (3.3)

and Ciz(e) = ctil'cos2(e-el•l]iX) + Bil, (I =A or B)r (3.4)
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                                                   'wherc. i- indicates the direction of external tield. Quantities mA
  'and m,B are the rnaginitudes of icnic momer,its Il)A and 'r-nS B an'd p]oport'icnal

to xA and xB, reSpectively. When the external field is in the zx=
                                   '                                                   'plane, aiz, Bir and eE•IX are' expressed by the components of dipole

sura tensor ail as

                                            '         ctir " [(di• i-'dZ.• i)2 + (?dl i) 2]i/?, (3.s)
                                         '
                                           '                                   '         Bi! - di.l, ÅÄ dii, •-. (3.6>
              '                                                           .and eS• iX = Y2tan-1[2di i/(di•i - dZ•:>]• ' ' (3•7)

The dipole sum tensors in para state are shown as D+ in Table XZr-2.

includÅ}ng those in ordered state as DW . The relations in the case
                                          'of external Eield i-n Vne xy- and yz-planes are obtained by cyclic

changes of suffix x, y, z. By using the fact that the dipole sum
tensor is tr" aceless or

         di•i + dti-//' +• dZ•i = o, , ' (3.s)
                                 '
                                              '          '                                         'we can easÅ}ly show the inequali"Ly- ctiz > Bir.for at least trvo oE

Vnree cases where the external fÅ}eld is in. the xy-, yz- er zx-plane.

rf ctil > Bir in the zx-planer coeffÅ}cient Cu is necessarily zero

                   il. ]n the case of e= eiA or eiB. the lineat a special angle e

shift AHi. is caused by only mB or on!y mA and proportional to only

                                                 -XB Or only xA, res.oectively.
                                       .o     Practical!y for proton No.6, we obtam e6A = 340 frorn a' (.Lbc-

plane) to c-axis. T•he ternperature dependence of AH6 for e = 340,

which should give directly the temperature dependence of xBt is

shown in Fig.UI-2. "i"he solid line shows the Curie lasv fors=
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Tab)e III-2.

The diDo!e sum tensor of      L
     (x lo22 cm-3 ) ( DA+

Mn (HCOO) 2-2D20

=DAI+DA2 etc. )

x y z'

6.97 O.I4 ••- O.30 x

-L26 .- 8.44 y

-S.70 z

-2.49 O.S6 -O.38,

l.3S O.6'8

'

l.14
H5

-DA -- O.I2 2.02 2.94

-- L98 -O.068

2.10

-DB •- O.85 O.65 -O.8S

l`..tH

O.29 o.!!

O.56
'

-4.59 O.25 2.70

3.00 -- O.18

i.S9

2.85 O.32 O.2S

-2.83 O.27

H6
-O.02

-DA 5.00 -O.31 -3.78

-2.86 O.IO

I -2.14

I-hua" -O.49 -- O.39 1.36

t
5.98 -O.I2

-5.49
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s/2 ana' or-. = 2.0. The agreemen"L wi' th experimentaZ result is very

good considering that no adjustahle parameter is included there.
       'xt means that down to TN the Mn ions in the B plane are quite
         '
independent not only of each other within the plane but also oÅí !qn
                                         'ion system in the A planes, the short range order of wn' ich Å}s highly
                                          '     'developed near TN as seen below in the xA--rÅ}" curve. For proton No.5,
egB == 610 is found. Figure !II"3.is the AHs-[r curve at the angle,

                                -which corresponds to >tA--ni curve. A rernarkable is that xA shows a

broad maximum at ab' out 7 K and decreases down to T                                                   as ternDerature                                                 N[
decreases.. The characieristic temp. erature dependence of xA above
                                               '                                                        'MiN should be taken as that of tn'  e 2d Heisenberg antiferromagnet of

S = 5/2, refering the very weak anisotro-py in the system.
                                                'Tentatively, the ex-e, erimental result is compared with a theoretical
      'estimatel5) by high temperature series expansionr although the
                                                            'latter• may be sceliab"1-e only above the temperature around which x

takes its rnaximutTa. "Å}he only adjustable paraTneter J/k is taken here

as -O.4 ]scr which is consistent wÅ}th the previous experimental
              8)value -O.35 K.

     Finally it should be noted that the sum of obtained xA and XB

is found to be in agreement wiLLh the xesult by bulk susceptibUity

raeasurement. Mihe present method is generally applicable to other
            'Taulti-su] lattÅ}ce systerns. Especially, in crystallographic two

sublattice system, it is useful in order to observe the behaviour

of only staggerect- r.o."e separately.

III--2.2 Spontaneous subsystem magnetizations be!ow T                                                   N
     "the N•:,ylR freau.=r,=ies for two protons in MnF2D at zero field
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below Mi],:, are determined by LLhe dipole-dipole interactions with the

surrouna"Å}ng Mn Å}ons in both A and B p!anes. The dipole surn tensors

in or5.e-red state are summarized as D in Table IZI-2. In principle,

we can derive the spontaneous subsystem staggered magnetizations

LA and ;TJB seParately by analizÅ}ng the resonance Åíreguencies for

                                                'two protons No.5 and No.6 in MnF2D.

     The use of deu"Lerated salt '•jnstead oL= hydrated one is impotant
and noteworthy here. Because, in N the hydrated salt six NMR lines

gather to a narrow -`travguency range with increasing the width as

tempe-v• ature approaches to TN. Xt results in a difficulty of separation

of indivÅ}dual line and thus a large uncertainty ' in determining tlhe

resonance freguency of each Iine. Xn deuterated salt, n•;hile, the
                                                       tt
numbeLr of lines is reduced to only two. The present success in

extending the lower lindt of measuring temperature one decade closer
to TN than irf earUer• experiment!1) is indeed owing to this deuteration.

     !n order to checrgz the influence oE deuteration on crystal and

spin structure, the angular dependence o-F Nb4R frequencies (patterns)

a.re investigated under the condition that the applied static field

intensity Ho is much weaker than the local dipole fields Hd at the

proton sites. Figure IZ'=-4(a) and (b) are the patterns at 2.2 K

(N O.6TN) at Ho = 50 Oe in the ac- and bc-plane. respectively.

The b!ack ard wnfte circles show the data for the deu`Lerated and

the hydrated salts, respectively. Clearly both data are in good

agreern.ent, which ass'"'..es that the spin structure of ?4nF2D is just

the savae as that c:P iLnF2H.

     [Do investÅ}ga"-av ihe g]rowÅ}ng feature of the spontaneoug subsystem

in.agnetÅ}za'tion of bot• h A and B systerns, the ternperature dependences
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of, N:-M irequencies at zero field are observed. The iresult Å}s shown

in Fia.!IZ-5.     J
     The resonance frequencies of e. roton No.5 and No.6 are generally
                                                                '

                                                               '                      '          tui= Iy•Hgl, 'a= s,6) •(3.g)
                                  '
and H2i "i(51+'b4i + i51-'Lr)r ' (3• Lo )'
                                     '                                                    'where fil+ = 5'li ÅÄ il2, Sl- = ffi! - Sl2, (z = A,B) and ffzX; and fil2

                                                         'are the dipole surn tensors from ! and 2 sublattice points in r

subsystem, respec"Lively. M! and Lz are the uniform and the staggered

rnagnetizations of I subsystem. In the present antiferromagnet,

che coupiing beLLween Vne uniform and the staggered moments is known'
                                             '
very weak and cont-ri•L'ution from iNl•A and fts are negligible. So in
                                                               'this case, zeÅ} is deterr.n,.rinavd by ch•e rnagnitudgs LA and LB and expressed

in the form as

                                               '           '          tui == LA'FÅ}(n)r (i=5r6) - <3.ll)
                                         '                                                                '                                                               '       '                                                           '                                                     --where n is the ratio LA/LB. Fi(n) is determined by fiX- and SS-

and a functien of only n. By applying t4e experimental data i.n

Fig.!ZI-5 to eguation (3.ll), LA and n are obtained.

     Figure I!I--6(a) is the te;nperature dependence of LA in both
                                                            'logaritlqmic scale. It tells us that the spontaneous staggered
rnagnetization of A sut'Dsystem L;l follows two exponential laws. rn

                          -2                                      --1the ternperature rana.e 2.IO < e < 5.10 , an exponent B = O.23 Å}

O.Ol whicn" is in good agreement with the previous resu!t O.22 + O.Ol

from NDilR and neutron diffraction. I"yThile in the temperature range
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                                                             !II

                                          '                      -- 3                                   -2closer T- ., i.e. for 3'10 < e < 2.IO , another exponent B = O.31
        Ls{                                                                 '+ O.02 Å}s found. !t indieates a crossover effect at thb temLperature
         -2e* = 2.IO .
     Figure :IIM6(b) is the tem.eerature dependence of n, which teUsi

us that the ratio LA/LB increases linearly with temperature as T ÅÄ TN.

The ratio n estimated by using the previous neutron difiraction

data in reference 2) is normalized and also plotted in the same figure

                                -I ,.by w:qÅ}te circles, which are Å}n good agreem.ent with the present data.
                        '                                                                  '                                     '                                                  '                                               '
                                                               'X!r-2.3 Simultaneous =.easurement of susceptibility and spontaneous

        rnagnetization by a SQUID magnetometer

     Mihe spontaneous magnetization }•ls and the susceptibility x of
    'linF2H are very sensitive to the applied fÅ}eld in the neighbourhood

of TN. rer-lecting t'ne non-lÅ}near characteristics of the corresponding
                     '                                                                   'staggered quantiti'es. The essentÅ}als are therefore a perfect '

compensp"tz'on of residua! DC field Hr including earth field and a

suppression of exciting AC field intensity h te a negligibly weak
                                                         '                 '                                                            'leveÅ} in order to assure the Zinear response in susceptibÅ}lity

measurement. AU the zero field raeasurementsare thus made at
negligi'b!y sTnall R:r and h less than s !noe.!7) Necessary, a high

sensitx' ve measurement Å}s wanted and we used a S9UID Tnagnetometer.
                                  '       '     !n order to obtain the spontaneous magnetization M                                                         so called                                                      sr
                                                            '                                                               '"fieid cooling .method" is applied. The magnitude of t"4s depends

usuaHy on the cooling ii'eld Hc but is constant in high field region

(Hc .>. 50 mOe fo-r -L:n.e present case). After decreasing thi's fieXd

                                                                'to a negligible valce by a proper cornpo..nsation, Ms and x are measured

slrn.u]taneously w-th increasing temperatu]e towardS and accross [eN.
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     An Å}moLortant and notewor"uhy here is the simultaneous measurement
         '                                               'of NLIs and x in a single run of increasing temperature on a same

single crystal. Because, the determinatÅ}on of critical exponent
                                                                'depends strongly on the position of TN especially in the immedÅ}ate

                                                                 'neigln-bou-rhood of TN. rndependent measurerctents of Ms and x

necessitate independent deterrninations of TN for eaeh case, which

inay ineroduce some accidental or systematic errers due to a small
                                         'but non-negligible deviation oE experimental conditions for these

me as ureir?,nvnts .

     X`L is confirmed by a separate observation of subsystem

suScepti•bUities xuA ard xB by NMR in Irl-2.l that a very shar-p
                                                      'needle-like anoma!y o-F x at TN comes frorn xA and shows the divergent

nature of, the staggered susceptibÅ}Uty xsA. The contributions of
                 'XB and >cuA tO the total susceptjbÅ}lity x are not singular and a
                                        'sles,vly varying"  quantities with 7] around TN. So the temperature

dependg-nce of resÅ}dual part Ax in the immedÅ}ate neighbourhood of

[eN shows just the singularity of xsA. !t Å}s also confirrned by a
                                       '                                                         'separate deterrnination of LA and LB by ND4R in UI-2.2 that LB is
                                      'proport-ional to LA and the proportional constant is a slowly varying
  'quantit:vr wÅ}th 11 around T• N. So the temperature dependence of Ms in

the imi•r.ec"Å}ate neÅ}ghbourhood of TN shows just the singularity of LA.
                                    '      .     Figure !XI-7 shows the "Lemperature dependences of Ax and M
                                                              s
                                                    'in the neighbourhood ox"  TN. These guantities are measured

szmulta:•.n-.ously .=.s i"e-nttioned above. The correspondence of the

ternperazure scaÅ}e :':r- these quantities is quite exact. A divergent

anomaÅ}i; hap, pens at rL' N. == 3.686 I<. Correspondingly, Ms is nott'ced

to dis..r.p. ear at the teTn..perature as temp, erature increases. Fig.III-8(a)
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is the both logarithmic plot of Ax-E. It tells us that xsA fo!lowS

an exponential law with a critical index y = 1.74+ O.1 down to the
temperature e' = 5'IO-4 , below which a rounding occurs. The result

is consistent with that in the early measurernent except that the
                                                               'roundÅ}ng temperature er' in the present case is much lower than the
                                                                 tt                           1previous one i'io-3.i) so, we conczude that the ap-parent tounding

phenomena in the early measurement is attributed to the residual

fi'eld effect and not a crossover to any other unÅ}versaZity class

at all.

     Figure rU-8(b) is the both logarithmic plot of Ms-e. rt

                 follows an exponential law with a critical indextells us that L               ALB = o.30 + O.02 in the temperature range down to e = s.lo-4. It

is in good agreernent with B = O.31 + O.02 obtained Erorn recent NMR
on the deuterated salt in the ternperature range 3'lo-3 xi E E 2'lo-2

as shown in Fig.I!I--6(a) for comparison. [Dhe present simultaneous

and careful measurement of b4s and x is in good agreement with the

previous independent rc,easurements of these quantities by different

methods in the common ternperature ranget and tells us that the
critical index y for the stag' gered susceptibility above T"J is 1.74

Å} O.l and B for the spontaneous staggered magnetization below TN
is o.3o -+ o.o2 in the same temperature range s'lo-4 .E e E-i'lo-2.

These y and B are very close to the values for two different

universality classes i.e. 2d Ising and 3d Ising ones, respectively.
                                                               'Such a characterÅ}stic critical phenomena asymmetric against TN is

apparently inconsÅ}s`Lent with the scaling law and the universality
                                                               'in the convent-onaÅ} sense.
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g!!!-3. Dzscussxon

     As seen in grlM-2, the present xesult revealed that the exponent

of spontaneous staggered magnetization of A subsystem is O.30 Å} O.02
                                         'in the Å}mmediate neighbourhood of [DN. [Vhe value of B is in close
                           '
agreerp.ent with that for 3d rsing model and not so much different

from those for 3d Heisenberg and 3d XY rnodels. While another exponent

B= O.23 in the temperature range a Uttle far Åírom TNt is different

both from 2d rsÅ}ng raodel and from any 3d model and guite intermediate.

     The latter exponent 3 = O.23 can hardly be taken as an apparent

value in the crossover temperature region from one for 3d rsing

model to the other for 2d Zsing model because the anoma!y at e* ==
2.IO-2 looks 1Å}ke a kink and the following LA-e plot is very linear

                                                             'over a wÅ}de temperature range, as seen in Fig.U"6(a). This

characteristiÅë exponent is the sarne as that in CuFUD or CuF4D in

Chap.II. So, the origÅ}n of this characteristic exponent may be

regarded as the new universality class which is caused by 2d

Heisenberg rRodel with sorrte weak symmetry breaking interactions.

     While, the former exponent B = O.30 seems to be reasonable

refering the observed 3d long range order below TN by previous
                          'neutron diffraction2) and to indicate that the erdering of A sub'

systera p, roceeds in a 3d way. However, it is not sirnply the case

and the situation is quite puzzling as mentioned later.

     Mihe present result also reveals that the spontaneous
                                     'rnagnetization of B subsystern LB appears below TN and that the growth

rate is proportionai to that of LA vdth a coefficient which depends

linearly on ternperature. Such a growing feature of LB is very

simUar to the nuclear spin polarization process under the hyperfine

78



:n

field.from the ordered electron system. Analogously, if we attribute

                                                                  'the obtained LB to the local field induced polarization from the

ordered A subsystem, we get a local field of about l.4 kOe at a B

ion site, which is about 1 g of the exchange field in A subsystem.

     Actually, the existence of such a local field can reasonably

explain the shottky-type heat capacity anomaly of MnF2H observed

previously at very low temperature (NO.1.TN) far from TN. Looking

back on the ideally paramagnetic behaviour of B subsystem above TN

mentioned in III-2.l, we strongly believe that B subsystem does

not give any essential contribution at all to the onset of phase

transition of A subsystem at TN. In other wards, the modification

of inter-plane interaction by a paramagnetic ion could not affect

primariiy on the phase transition of such a quasi 2d systern. The

appearance of spontaneous rnagnetization of B subsystem is then

reasonably well understood by a resultant secondary effect.
                                                    1     As rnentioned before, the critical index B == O.30i,of A subsystern
                                                    ]
in the immediate neighbourhood of TN is surprising as follows.

The exponent suggests that the most dominant purturbation on the

onset of phase transition of A subsystem is ehe inter--plane

interaction. According to the scaling law and the universality,19)

which are well known to be two fundamental laws to describe the so

called second order phase transitiont we expect that a critical

index for the Susceptibi!ity y should be l.31 for 3d rsing model.

Early susceptibility measurernent and the present one by SQUID,

however, gave y = l.74 for the staggered susceptibility of A sub--

system in the interrnediate neighbourhood of TN. The above value

is close to 1.75 for 2d Ising rnodel and quite in disagreement with

above expectation.
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     Now, one may think that the present result is still compati-

ble with the estab!ished laws (scaling law and the universality)

rsing to 3d :sing universality classes into account. Then the

crossover temperature e* from 2d rsing to 3d Ising for xs above TN
                                   -4                                      . While, e* for LA beloW TNshould be taken to be less than 5.10
is 2elo-2 and roughly two order of rnagnitude larger than that for

xs. We can not have any special reason for such a large asymmetry

                                            so far. !ndeed, theof crossover temperatures above and below T                                          N
values of e* for susceptibility and spontaneous magnetization have
been predicted to be thei'same as reasonably acceptable. Besides,

outside the e* = 2'lo-2, we find an exponent B = O.23, which is

quite different from O.125 for 2d rsing universality class. Thus,

we can not expiain the present characteristic facts simply by a

dimensionality crossover effect.

     As mentioned above, the critical phenomena of MnF2H is quite

asyrmetric and apparently inconsistent with the scaling law and the
                                    tuniversality in the conventional sense. The viewpoint from dimen-

sionality crossover can not be helpfuZ at all for the characteristic
phenomena. Manganese ion has (3d)5 electronic configuration and

is in so called S-state with S = 5/2. Besides, it is surrounded

by six oxigen atoms in the form of nearly octahedron and originally

very isotropic. For such a S-state ion system with large spin

nurnber, the main contribution to the anisotropy is dipole-dipole

interaction usually. In a single quadratic antiferromagnett the

dipole anisotropy is of Ising-type and the direction is perpendicular

to the plane. A rather strong anisotropy of rsing-type perpendicular
to the p!ane in K2MnF"4) or Rb2MnF18) would be explained by this
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interactlon.
                                                  '                                   --     T,ghile, in D•lnF2H, Une si•"Luat-ion is dLfferent. The Ising-type

anisotropy by dÅ}pole-dipole interaction is• known here to be

cornpensated by another planer-type anisptropy even a Uttle

excessively and can not be the maÅ}n origin of the symmetry at all,
                                                                 '                  'frorn the fact that tle first and second easy directions below TN

                                                               'are nearly in the p!ane. The appearence of such a planer-type' '

anÅ}sotropy in A p-ia.:.e Å}s attributed to a slight distortion of the
                                             'octahedral crystal :r-i avld synmetry by oxgen atoms sorrounding a A
                                                        .t
ion site. Then the !sing-type anisotropy in the pla.n.e wil! be
                                         'reduced -io a weak asym..inL.etry of the crystal Åíield within the A piane

and thus rnuch weake.T than the residual planer anisotropy. Besidesr

this asym,mLetric cr.vtstal field should be inequÅ}valent at two sub-

lattice points in the r,N plane, which will reduce the Ising-type
                              '            tLtanisotropy in the plane to some extent and Å}nstead produce an
                                 'antisyrrumetric inte-Taction with an inequivalence of g-tensors,

between Vne A ions at the two sublattice points. Xndeed, the

existence of very weak moTnent canting interaetions in this salt,

as mentioned in gll!-l, supports this Speculation.

     Such a situation in iNlnl2H that a multÅ}ple coru.oensation of

several symmetry breaking factors results in a very weak Ising-type

aniso`Lropy is remarl<able and quite different frorn those in other

sirrple Heisenberg-!ike systerns. MÅ}he distinguishable critical

phenorp,ena asym,kme-l r"i..e against TN might be attributable to this

charac te ris ti c. sÅ} z` =• a ttÅ}e n.

     As mentioned in :!!I-lr the interplane interaction is decorated

by the paramagneti•c Å}on. As seen in SIII-2, it seems to suggest
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stronttly that such decorating paramagnetic ions do not give any
                                                                '                                                   -tessential contribution to the onset oÅí phase transitton of A sub-
                      'system, aLL TN and that such a decoration does not modÅ}fy at all the
                    'origÅ}nal natures oE superexchange interaction formed by only non-
                                                                 '                                            '      it
     Actuallyt in many decorated 2d Ising systems, no essential

change of critical phenomena have been reported so far frem those

of nondecorated sÅ}mplnv systerns. However, a 2d Heisenberg systern

does not order at a!l' by itself. Besides, the present decoirating

ion is just on the inteumediate of interplane interaction path

between such 2d Heisenberg planes, which is an essential symmetry

breaking purturbation. So such a modification might give a

remarkable inf!uence on the Dhase transition and reveal sorne                           i
characte.-ristic ieatu.T.e whiclq have never expected and never really

            '                                                               '                                                       'observed so far in any simple systerns.
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Chap, t::r !V. Qrdering of• :••:,n(HCOO)2.2H20 and lln(HCOO)2'2D• 20

                                               '            under the field

Iv.A. r"lagnetic phase boundary

S!V.A-l. Intro.duction

     one of the cuyrent problems in two-dÅ}mensional (2d) XY or
Heisenberg spin systerns is in nheir atticactive features of new tYPe

of phase transition o-r ordered phase. A crossover phenomenon ef

spin dimensionaUty f• r•o`Tn Vne Heisenberg (or XY> spin to the XY (or
!sing) spin in the exte-'•'nal magnetÅ}c field has been expectedl) and
                                                               'observed in reai quasi-!d antife-rromagnets.2-4) The same phenoruenon

                                                                'has been predicted a!so in 2d systems.
             '     Recently, we have yecognized that Mn(HCOO)2.2H20 (MnF2H)

is an excellent real"".zatibn of 2d Heisenberg antiferromagnet and

we sup-pose that it may give us some possibilities of finding new
                                     'cooperati've phenomena m/"enL tioned above. A number of works have been

carried out on this com...cound because of the variety of interests.
                                                          'Nevertheless, the rnag-netic phase diagram is not yet clear. The '

purposes of the tirst half of this chapter is to establish the
             'fully rnapped magnetic phase diagram in the external magnetic field
                                                                '          'applied along the s:.i; easy and hard axesr and to determine the

magnetic struÅëture in various phases and the mechanisrns of transitions
                                                                     'by the measuremen`Ls of proton NZ4R. In order to deterTnine the phase
                                                                   'boundary, the hea`L capacity and the magnetic susceptibility were
  -
measured simultaneous!y in the sue.erconduÅëting magnet which could

generate the fiela' =p to ll5 kOe. "i"he intrinsic 2d Heisenberg or

XY behavz'ours obseLtved in the field will be given in the latter

half or" this chaDtg"'r.
                L
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!v

glv.A-2. ExDerimental results of heat cao.acity and susceptibility
Iv.A-2.l The pararnagneJL-ic contribution oÅí Mn2+ ions on;the BLplanes

                                                   '                                                      2+ .     Evidence Eor the paramagnetic behaviours of the Mn xons en

                                t ttthe B-planes have been ebserved in various studies such as adiabatic
demagnetization,5) susceptibuity,5'6) neutron dÅ}ffractÅ}on7) and

magnetic heat capacity.8) rn order to. extyact the contributien of

the 2d A--pZanes in a finite fielld, we shall present a procedure

for separatmg the D-aran• agnetic contribution of the ZEn                                                        io• ns on
                                                                  'the B-planes fror.n Yae observed pl/ ysical guantities, taking the case
                                                                 '                         '                                           'of magnetic heat ca:-n-n..tty as an example. ' ' •
                                                              '
     The overall behaviour of the magnetic heat capacity of MnF2H

in zero field is show.n- in Fig.IV.A-l against reduced temperature
T/TN (TN -- 3.69 :•<).9) 'i"he Scho`L'L']<y anornaly CB. at low temperatures

indicated by the brve:<av.n !ine corres-p, onds to the paramagnelic

contribur.'.• Å}on from i-hc" B-pÅ}anes. T,he 2d A-planes order at T                                                            and                                                          N
                                                                  'their magn•-ei ic cor-`; =Å}'-'.u•iL'ion CA ap, pears mainly at higher ternperatures

Vnan 1K (T/[VN ]t O•3>.* rn the iield rte, the paramagnetic }4n2+

                                                '           'gives a Schottky-type heat capaci`Ly CB which can be expressed as
                                                  '             '                                           '                                    '          cB (t) /R = (s t) 2•Bs (s t)

          BS(u) = dBs(u)/du

                = -'(2S2+s!)2cosech2(2S2+sld) + (St)2cosech2(71tl), (4.l)

             ...)b•With t = gie'BIHel/kB"i and u = S.t, N-Jhere R, S and Bs(u) are the gas
                                                                 '

') !r/he lattice heat capacity CL of this sarttple is known to be

muc'n sma!ler than the rnagnetic one (only less than l O-o of the
                            9rIO,ll)magnetÅ}c heat capacxty at MÅ}N)                                     and is subtracted here.
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                                                              mv

constant, the spin value of Mn2+ ions (s = s/2) and the Briuouin

function, respectively. We can reproduce the observed heat capacity

at low temperatures by the use of eq.(4.l) (broken line in Fig.IV.A--l)

      -L -)L       el = 2.6 kOe (EIHII), although the detailed experimentalwÅ}th IH

analysis down to the lowest temperature has been carried out in'

             ,. , 2+.ref.8. This xmplies that m zero field, the Mn zons on the B=
                                                            Aplanes are under the influence of an effective (local) field Hl at
low temperatures where the lhn2+ ions on the A-planes are in ordered

state. The origÅ}n of tle has been discussed somewhere.5'8'll) The

      --ts-value IHII = 2.6 kOe is consÅ}stent with that estimated from the
adiabatic demagnetization experiment for Mn2+ ions on the B-planes.S)

                          5In a finite external field H, we can estimate CB from eq.(4.l) by

putting

          l'ilt.1- l'il+ ilri l. (4.2)

The temperature Tm whlch gÅ}ves the maxinvm value of the Schottky

heat capacity shifts to the higher temperature with increasing H as,

          gpB Irt. l/k BT.= l• 20 (4.3)

For example, the calculated temperature dependence of CB at H = 20 kOe

is shown in Fig.IV.A-2 by the dotted line whose maximurn comes around

2.3 K. By subtracting CB from the total rnagnetic heat capacity in

                           for the 2d A-planes. In Fig.rV.A--2,this way, we can extract C                         A
the values of CA are plotted for H = 20 kOe applied along the spin

easy (b-)axis and the hard (a*-)axis. rt should be remarked that

the heat capacity CA for H = 20 kOe exhibits quite a different

shape from that for H = O kOe (Fig.IV.A-1). The detailed discussion

                                                       '

                               88



El]

i.o

O.5

o

   CA
-    R

t--t-
'

,

'

            '          v-         -t        te
      tt
     te
    tt
  ,",,` ooO

 "oo
"'  f

Mn(HCOO)2•2l--I20

   (N=20 kOe>
             1:
             :l

             {:t ,

              ,             ee 'CS              .o             'X .3S
             "So u "5'

            oP
.d-•  " "  '' d' o'a•  e'••••. . . .

     "eeS-t
     .    e'
,o. e

cr

 o
  o o

 o

oo
O :'e;
o.t-t  Ooe

,

   o.   o  a'
  9'
 oct

9'

- ---
--s"

--

 e-
 o 'e
 oo "
  oo 'e
    oo'
     o6'
      o'o•'
        066
           tvd
             do ''
              lo,- o-
                  o6'
                     o                       6e
.. b'          *.     t-tt                             'oo H// a-axls o..                ,                 - •t - t-                      -N-te H11 b-axis ''''''''''
       '
.."  C8
                          'r (K)

o

  ,•Flg. :V.A-2.

B-pZanes

      ,l'Cagnet:c

(CB) in

  2

 heat capacities oE thG

a Eixed field HT = 20 kOe

4

2d

'

                     6

A-pianes (CA) and of the           'pararnaq. netxc

H.;LA4



                                                              IV

                  '
abou"L ihe absolute values of CA and their variation Å}n fields will

be givavn in the latter half of `Lhis chapter.

     The ternperaturo.- dependence of magnetic entropy for the 2d A=
                                                      'planes can be evaluated by the relation
.

                   '                                 11 -          SA([D) /R =SZi (CA/R-T) dT. ' (4.4)

                                                        'zn carring out the integration in eq.(4.4),- the exn.erimental va!ues
                                 .of CA are used in ihe te.rnp, eratu-re Lrange 1.0 < T < 8.0 K (see Fig'. '

                                            '!V.A-2), where we p-resuLne that alrrtost all of SA(T) wiU be consurned.
                                                          'For the higher tem-veraiur• es in VA.a. paramagnetic state T 2.8 K, we
rnay assume CA = bT-2. A"L losver ternperatures T s 1 K, we tentatively

extrapolate CA as CA = aT,2 as can be expected from 2d antiferro-

magne`Lic spin wave "v'ne:r:v.!O) I'Je notÅ}ce in Fig.ZV.A-3 that the

ambigui-ly of SA(T) d=-rÅ}ved un•.a'e.v-• t"nese assumption (indicated with

dotted Å}ine) is much s=•"aller z'han -Uhe entropy change for l.O < T
         'g 8.Q K Cso:,id lineE,. !`L- can be seen that SACT>/R seems to reach

the theo:retical val' ve Cl/21.lnC2S ÅÄ l> for the 2d A-planes as T + oo.

rt should be noted that about ena.. half of magnetic entropy for the

.A-planes stiil rernains above TN, reElecting the two-dimensionality

              '                                                      'o E' th e sys tem.
                '                                                     '     Zn the sarne way as employed above, we can estimate the para-
                                                                  '
r.nagnetic contribution which may appear in other physical quantities
                                                                'such as susceptibi• :, i,ty. Here we should note that the r4n2+ ions on

                                                                    'the B-planes behave pararnagnetically and do not exhibit any tendency

of phase transition in a finite field and in the present temperature

range.
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                                                              IV

!v.A-2.2 Determ.Å}natz'on o[" tlQe iv.agnetic phase boundary for the
                                            '                                  '       ' two-dimensional A-planes
                          2+     !n zero tield, the -Mn ions on the A-planes set into antiferro-
                                                              'magnetic ordered state accornpanying a sinall but share. heat capacity

peak at TN == 3.69 K (Fig.IV.A-l). The spin structure in the ordered
phase is schematicany drawn in Fig.:v.A-4.12) zt takes the H-phase

in the range TN >T> "irE l.7 K', where the rrtagnetic mornents a' re :
almost along the eas:r (b->axis slightly canting towards the c-axis.

At T = T there occur•s a spin axis reorientation which exhibits        rL                                                  '                                                     'quite a sharp heat capacity peak as in Fig.!V.A-1 (at T/TN = O.46)r

and below T< Tr the :TJ-phase is realized. .
     rn this section we wiU determine the T-H phase diagrarn of '.

this 2d system for the iield appiied along the spi•n easy (b-)axis

and the ln.ard (a*-)axi,s. The plnase boundary concerning with the
  '            t-spin axÅ}s reorien-; ai icr., which occurs in loyg fields H S 4 kOe, has
been studiedl2) and on- !y the resu!ts wiu be shown here (Figs.Tv.A=

6 and 7). First we wiXl TnentÅ}on about the results for H// b-axis.

Figure rV.A-5 shows the field dependence of the rnagnetic heat

capacity in the vicinity of the Ne'e! temperature TN(H). The small
                                                        'but sharp peak at MÅ}N(O) = 3.69 K shifts towards low temperature

rather sensitively wi"Jn increasing field, keep. ing and growing its

sharpn/ ss. When H = 20 kOe, this peak appears at fVN(H) = 2.75 K

as seen in Fig.IV.A-2. Tracing down the shift of this peak on the

T-H plane, we have r.hase boundary curves between P & H, P & M, and

Z & -"4 phases as in Eigs.IV.A-6 and 7. In our susce-ptibility

measurement in thg process of field sweep at a constant temperature

below TN(O), we can da..tec"L this boundary between M and Z as in

                                92



e
co a*

---" -- -- -v -t --- - -

a

si''

c

> b

t
l

     t    tt
    tt '

   I
   l
   :
a*l

a

t

N

'

d
NX t

"' fti

ts'

t

N

t

N

'

N

t

,

'

N

,t 11I

c

s
N
.N

 s > .s
s
N

N
N

N

b

s
N

(a) H - phqse (b) L- phase

Fig , XV .A-• 4

    state

,

of

Schematic description of the,

Mn(HCOO)2.2H20, (a) H-phase:

spin

 T>  I)LT

structur'e

 T > ,]V .
      r

in

(b>

the ordered

 !-phase: [V < Tr.

'!
'N



s

A,
ca

."i.a

----}

ec

=
 .A
N
U
,v
E

o

5
H= 7,5 kO'

ooooo-ecovtr
    ,
  6,j.
   CX)tr-

      6.0
OoooeQoÅëoco"On"O

            '

••  •5.0 .

       o
mpo-o-obee-oo-tr

'

g

"

p

Mn(HCOO>,•2H20

   (H !/ b-axis)

         '        '            ,        H=lO.8 kOe

       L

  fxk'%•os

             8,O
          'Nv-xl..,D .--.o-o ..o •

           '

             T(K)

   '3,4 5,6 3,8 4,O ,

Fig.IV,A-5. Variation oE the heat capacity

   aiong b-•axis (arbÅ}trary, units).

 3,4

near TN(!I>

3,6

in the

 3,8

field

    4.0

applied

`

}<--



eor

IOO

80

60

40

20

o

HCkOe)
      4 yK.-

e Cp

A Å~'

A }-o-g

A s-o•-1

''  ''' ma'''' '' .. o

  'd-'

    ---" -e'

Mn(HCOO),•2H20

  CH i/ b-axis>

oo   oo
      oo

M
d -- --" t- tl -- -- eN

A }oi

z

th

ut

O O eo o , bO"

"-.--v
       ---        $

oA

e
o
o

o

P

•T(K)

o l 2 3 4

FÅ}g.rv,

    The

    Mhe

A-6. T-H phase diaq. ram

 spin axis reorientation

 closed area is enlarged

of the 2d

 occurs on
 ' in Fi{ .!V

A--planes for

   ' the boundary

.A-7,

the spin easy
      ' between M. and

(b-)axis.
}I.i2)

tl

N



8

i5

IO

5

e

H(kOe)

--e-- -•- --e -

o.
 3.0

Fig.TV,A-7.

e

ee-

o

e

e

M n "--l CO O)2 •2 H20

      '          '
  (H /i b-axis)

   M
e- ""- -- -d" --

   H

o

--.x

o

sc

xx

o

Xu

        o

     i-O-•l

      o

 oo oo  O l::

   O
ptg

  NO'

    o
     o

O;

o

o

o

P

TCK)

              3.5

T--H phase diagram of the 2d A-pianes for the

    4.0
b--' axis .

ny`

kl



!v

Fig.IV.tt:.-8 (a't H = 25 kOe; [e = l.51 K). MÅ}his boundary coincides

with that deterrnined -Frorn the indngpendent measureme-nt of
               l3)                    The phase transition which crosses this boundarysusceptibility.
                                                'may be of the first kind judging from the sharp heat capacity peak

                            tt                                                           '                  ,likea delta-function. ,
     rtiiurning back to Fig.!V.A-5, we note that another broad shoulder
                                          'begins to gyow on `Jne higher temperature side of the heat capacity
peak for the fz'eld h-igier than 6.6 koe. This broad maximum shifts

to the higher `Lem.ho.a.ra;' u":res, seD.arating from the sharp peakr with

increasing field. ;,;'hen H = 20 kOe, this comes up around 3.95 K

with its cusp-Uke shape as in Fig.ZV.A-2. For H> 40 kOe, this

heat capacity maxirautra -Lurns to shift to lower ternperatures as in

Fig.IV.A-9. We can observe also the corresponding shift of the

broad maxÅ}murn in tie su'scep.-i ibUity measurernents as in Fig.IV.A-IO.

The trace of these maxi• rai um points describes a phase boundary curve

beUveen P and Z p:n-asptvs itn Figs.IV..A-6 and 7. This boundary can be

detected by the susceptibÅ}1Å}ty measurement in the process of field

sweep at a constant ternperature as in Fig.IV.A-8 (at H = 100 + 5

kOe; T = O.59 K). The constant susceptibility for H S 95 kOe in
  '                                                   '          'FÅ}g.IV.A-8 seems to correspond to the perpendicular susceptibility.
                                                   'ForH> 10e kOe, the susceptibUity falls down due to the paramagnetic
saturation. The phase boundary curve obtained just above inay

                                                         'correspond to the phase transition of the second kind.. Frorn the

graphical estimaticn in Fig.IV.A-6, we expect the critical field

at T == OK to be H'i = I05 +5 kOe.
                  c --                                  '
     In Vne same way as mentioned abover we can get the phase boundary

for the field applÅ}ed along the hard (a"--)ax.is. Figure XV.A-il
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shows thva ovexall phase boundary determined by the rp.easurernents of

:t•-eat capacity CFig.!V.A--l2 and !3), and susceptibility (Fig.IV.A-l4:

T-sweep, and FÅ}g.IV.-Zx-8: H--sweep). [Vhere is only one bovtndary in
                                                                  '                                                         '                                                          '`Lhis case, as Å}t should be for H/lhard axis of the usual antiferro-
                                                                   '                                                                 'm.agnet. Xt is a remaxkable feature that TN(H) goes up wiUa increasing
                                                                .tfield up to 35 kOe (TN(H) == l.IO'TN(O)). From the graphical

estimation in Fig.IV.A-!l, we expect the criticai field at T = e K
                                                 'to be H'L == I05 +5 :N'Oe. ' '       c --

                                 '!V.A-2.3 Evaluation o:' che intra--layer exchange constant
                                                       '           '     Here we estirnate "L=he magnitude of intra-layer exahange co'nstant

IJI fro.rn the evaluated crÅ}tical field H6! and H2I. Assuming a two=

                                                                 'sublattice antiferrom•L,ag].et wÅ}th anÅ}sotropy energy K (defined in

unit volume),*'the criticaÅ} fÅ}e!d can be derived in the molecular
                                                 'field approximatÅ}on to be

          H6i - 2x!G -- iri , ' . {4.s)
                              '                                                      '          H.-L'=2,i,}il+5,1, . ' (4.6)

respectively, with
          >L : 4zltrl/NA(g#B)2 ,

                            '          "1 = (NA/2).gyBS ,

*> "i"hÅ}s assumption may not be proper fox the description of the
                               'p, hase boundary for v::n.•e lower fields. T'he most dorninant value IJI,

hoLvever, can be eva!ua`Led regardless of the small anisotropy or

the canting interactibn which rnainly work for describing the phase
bo un daries in mueh low' :vsr fz' eld H << H // or Hi.
                                  cc
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where z and NA are the number of nearest neighbour spins and the

Avogadro's number, respectiveiy. If we put our experimental values
H61 = HcJ' =los Å} s koe in eqs.(4.s) and (4.6), we get

          1tI-1/kB = O.35 Å} O.02 (K),

   . K/M <5 (kOe).
The estimated value IJPs in good agreernent with that determined
frorn other experiments.9,10t11)

SIV.A-3. Experimental results of proton NMR and analysis

IV.A-3.l Temperature dependence across the various phases

     When the external field of 10 kOe is applied along the spin

easy (b-)axis, it is known from Fig.IV.A-7 that the phase transitions

between para state (P) and Z phase and between Z and D4 phase should

occur. The temperatu]re dependence of the proton Nfy!R line shift of

b4nF2D under this field is shown in Fig.IV.A-15. The transition

temperatures between P.and Z and between Z and lvi. determÅ}ned by the

results of heat capacity are also indicated in the same figure.

The line shift by the uniform moment of paramagnetic B ions are

calculated using BrÅ}IZouin function and shown in FÅ}g.XV.A-l5 by

the dotted line. It is understood to saturate towards T = O K

unlike Curie's law dependence (CH/[V), where C, H and T are the

Curie's constant, magnetic field and temperature, respectively.

The line shift caused by the induced staggered moment appeares even

above the transition temperature from para state to Z phase. The

maximum point of temperature change rate of line shift corresponds

to the broad peak of heat capacity. The jump point of line shift

is the transition temperature from Z to M phase and corresponds to

                              106
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the sharp peak of heat capacity. The proton lines do not split in

both Z and M phases, which indicates that antiferromagnetic axes

in both phases are perpendicular to the exterhal field (//b-axis)

from the consideration of symmetry. When the external field of 5

kOe is applied along b-axis, the phase transition only between para

state and M phase occurs, and the result is shown in Fig.IV.A-16.

The line shift caused by the staggered moment begins to appear below

the transition temperature, which corresponds to the sharp peak of

heat capacity. When the external field of 1 kOe is applied along b-axis

the phase transition between para phase and H phase occurs, and the

result is shewn in Fig.XV.A-17. The line shift by the staggered

rnoment appears below TN(H). rt is shown that antiferromagnetic
                                    'axis in H phase is parallel to the b-a,xis from the doublet splitting

of proton NMR line, and consistent with the result from other
            l4)experiments.

     To sum upr antiferromagnetic axes in Z and M phases are perpen--

dicular to the external field which is applied along the b-axis and

that in H phase is parallel. Spin structure changes continuously

with temperature between paramagnetic phase and Z phase. While,

between Z and M phases or H and M phasest spin structure change

suddenly, which suggest the first order phase transition.

ZV.A-3.2 Angular dependence pattern in Z and M & H phases

     The angular dependence patterns in a*b-plane were observed

for several ternperatures. The pattern at [D = 3.6 K under the field

of 10 kOe is shown in Fig.IV.A-l8. rt is found from the phase

boundary (e.g. Fig.IV.A-6 and 7) that Z phase is recognized at this
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temperature and fieZd for at least b--axis. This pattern is l800

periodic and continuous without jump. Therefore it is considered

that Z phase is recognized also for a*-axis. Solid line is the

calculated shift as that staggered moment parallel to the a*-axis

is induced by the b-axis component of external field. Line shift

by the pararnagnetic B ions is of corse contained. Staggered
                ef .                                      -24susceptibility xs zs selected 3.5 Å~ IO                                          emu/ion as the parameter.

The calculation curve is roughly agreeznent with the experimental

result (open circles). Especia!ly near the b-axis there is hardly

descrepancy between them.

     [rhe pattern at T = 1.4 K under the field of 10 kOe is shown

in FÅ}g.IV.A-19. !t is found fxom the phase boundary (e.g. Fig.IV.

A-6, 7 and 9) that l4 phase is recognized for the b-axis and H phase

for the a*-axis at this temperature and fieid. There is a jump of

shift near 700 from the b- to the a*-axis which is caused by the phase

change. Considering that the staggered moment of A subsystem

effects the line shift of proton No.5 more than that of No.6 at

H/1 b-axis, it is understood gualitatively that the antiferrornagnetic

axis in iM phase is almost opposite to that in Z phase. As the

result of calculations, the antiferromagnetic axis in M phase

changes gradually as the change of direction of the external field

in b-a* plane. Similar circumstance is realized also in H phase.

XV.A-3.3 Field dependence of the direction of antiferromagnetic

          axis in M phase

     rt is considered Åírom the analysis in IV.A--3.2 that the anti-

ferromagnetic axis changes continuously by the field and temperature

ll2
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in tAvl ph.=.sow. 'k"he H=, requency dep, endence of resonance fields at l.4 K
                                                     '        'under the field ap, plied along b-a>.<is is shown in Fig.IV:A-20.

solid lÅ}ne corresponds to the shift of free proton, and dotted

lines to the shift of proton No.5 and No.6 by the pa-rainagnetic B

ions. The discrepancy between experimental result and dotted lines

is considered by the staggered rnoment of A sUbsystern. The rnagnÅ}tude'
                                                            'and dÅ}rection oE antiferrornagnetic moment LA of A subsysterrtr which
                                                                    '                                 -is ca!culated as -lh.a. best fit, is 'shown in Fig.rV.A-21. The magnitude
           '                                                 ttdecreases graduaUy etnL". "Lhe direction ef antiferafomagnetic raoment

rotates fyom d-axÅ}s (wirt.ich inclines 300 to a*-axis from c-axis)
                                                                '
towards a*-axis with increasing field. The direction of antiferro-

magnetic mornent in M phase(-a*-axis) is epposite to that in Z phase

(+a*-axis). The nechanism of rM.--Z phase transiticn is discussed
              '                                                             'in nex`L sectzon. •                                             '                                                             '            tt
         '
glV.A--4. :.•:,echanisrn of, ]Nl•-Z Dhase transxtzon
                         `                                                             '                                             '     The origin o.F- -'I-Z phase transition which is like a ireversal

of antiÅíerromagnetic axis is cer"Lainly the existence oE "paramagnetic"

B ions. ;•Ihether )1 or Z p/hase is realized is dete-Tmined bv tihe
                                                        -                       'riva!ry of, Dzyaroshinsky-!'•loriya <D-M) interaction in A site and

Zeeman en. ergy which contains the staggered field in A site by the
                                                      'canting of• B site ions.

                                   "A -S     VJe considerj-M interac=L'icn -2zd.(SAI Å~ SA2) as well as exchange
                   -i -xinteraCtiOn 2zi•jALYS- Al.SA2 and Zeeman energy. As the fieid in this
                                                                  'Zeeman energy, tc• should be considered besides the externa! field

itself the exchanorie L`ield at A site which is caused by the saturated

B siLLe through the exchange interaction between A and B site (JAB)-

                              l14
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B site is "paramagnetic" and turns to the external field above l.4

kOe (exchange field between A and B site) but should slighrly cants

because of the inequivalency of ij tensor. Accordingly the exchange

field at A site acted by B site has staggered cornponent which is

perpendicular to the external field. It is sure that the direction

of antiferromagnetic axis in M phase turns into -a*-axis in the

vicinity of M-Z phase transition field. Scherna is shown in Fig.
IV.A-22, where HA/ is the paralle! cornponent of exchange field HA

which acts to A site from B site and opposite to the external fÅ}eldt
and HAL z's the perpendÅ}cular component and the staggered field. TNe

assurne that B! rnoment inclines to a*-axis. Owing to this staggered

component of HAr the moment of Al site is possible to turn to -a*

directÅ}on. In the lower external field, the canting of A site is

opposite to the external field because the D-:,A interaction is
                             .smost effective, assuming that d vector is along near c-axis.

(cf. Fig.IV.A-22(a)). With increa.stng field Zeeman ene-rgy of

external field becomes larger than D-M interaction energy, and the

direction of canting changes towards the external field (cf. FÅ}g.

IV.A-22(b)). This change occurs continuously with the field. With

more increasing field, the gain of Zeeman energy of the external

field and D-M interaction becomes larger than that of Zeernan energy

of the staggered field caused by B site. As the result Al and A2

site changes each other suddenly (cf. Fig.IV.A-22(c)). This is the

mechanism of phase transition from M to Z phase. If we assume that

the D-M interaction is one handredth of intra-layer exchange interaction

and the canting angle of B site caused by the inequivalency of ij

tensor is 40, we get the M-Z transition field as 20 kOe, which

l17
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agrees with the ex.eerimental result.

                       'Iv.B. Tv•o-dimensional XY behaviours induced by the magnetic field
                                              '
                                '                                                    '                                                              '                                                            '                                                               '     Since the theoreticai prediction of a possibility of fieZd
                                            'induced crossover of s-pjn symmetry in low-dimensional antiferro-
                                                                '                                               '!aagnets,i'i5) several experimentai and theoretical ' investigations
have been carried out t•-or• real gua:si-one-dimensional (ld) systems.2'4)

                                                         'I•s7e wi!Z extend th•.e s`Ledy on this spin symmetry crossover to a twQi=

dimensional (2d) syst-==t Å}n this chapter, by making use of experimentaZ

resuzts on Lkn(Hcoo)2.2k'2ol6) in chap.zv.A. '
     A phenomenological explanatÅ}on of this crossover rnay'be given

as foUows. ' We originA"l!y consider a nearly isotropi'c Heisenberg

(or XY) antiferro.'•-"acne-L ;s7•Å}th the 'tiarp.iÅ}tonian such as
                   J
                                                 '             '
         ,kL = -2JZiiSiSj - gvBgi--:// b"i -]rtCi,, . (4.7)
                  J
where J is the excl/mana.e constan"L between the nearest neighbour spÅ}ns

                                      'Si and Sj, g is the g-factor otr ihe spin, H is the externai field

applied along the z-axis, andik!Lk s"Lands fQr the small anÅ}sotropic'

term wh fi ch may be ass umed here ;,k((k = Kzj (s Z. )2 for ins ta nce (o < K << IJ I).

For an appropriate fie!d H (<< IJI/gvB), a spin-flopped state is
                                    -realized and the free energy of the system will decrease as -xiH212,.

w] ere'7.. is the per-oendicular susceptibility. In such a state,
                                             'the spins are almost on the XY plane. At the limit K ÅÄ O, the
                                                             'applica'i ion of an infinitesimally small H NgiU iead the systern to

the spin--flopped state. Under the circumstancest the Vnerrn.al average

o== `Lhe z-components of the sp, in <SZ•> and hence <SZ•S:> becomg much

ll9
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smaller than those o-l the transv.rse components sucla as <Si•> ap-d

<si•si•>; <si•>/<si> + o and <s"7ist;>/<s//sg.> + o (cr. = x, y).' Thereforef

.thte S/tvMl' l:.Oneia.ntuiggll)MaY be reduced effecyiveiy to a" xy syst.,,,

         L
     The increase oLF TN(H) has been studied experirnentally and
                                                         'tLheoreticany in quasi-ld compounds.2-4) These resuits are phenom-

enologically explaÅ}ned as follovzs. In quasi-ld. systems, the 3d

transition teinp. eLvA"iu.v•e T,;g is relaied with the spin correlation

length n Sd(T) a]ong.trie chain asr ' ' -•
  '
         kB T N = c .s 2I J-i l• "gl d gT N) , (4 .s)

                                      '                                         '
where C is a coefficÅ}en"L which depends on the spin dimensionality
n and on the lattice, and J' is the inter-chain interaction.l) The

                                     '                                              -espin symmetry crossover mentioned above acconpanzes an elongation
of ngld(T,), which Å}s :<n•ow-n to be 3.rld(T) < 2gld([r) < lcld(T) for

a given value of ]-;Bli/IJ-'I (<<l), where J is the intra-chain exchange

constant (n = 3, 2 and 1 correspond to the Heisenberg, XY 4nd Ising

                                                                 'systems, respectively). This Å}raplies the crossover from the
     '
Heisenberg (or XY) to the XY (or Ising) systems brings about the

enhancement of 5}g(H) as can be expected by eq.(4.8).

     The next thr'"ee conditions are necessary for inducing the spin
                                         'symmetry crossover; jsotropic exchange interactions, small anisotropy

energy (K) in the c-rystal (IK/Jl << l), and high degree of discrete

dimensionality (l.T'/.T! << l, where J' and J are inter-• and intra=

chain (or layer) k'•n.ie.--actions, respectively.>;

     Ip- real 2d coi,.p.oun-ds, there has not been any experimental

evidence of the spin symmetry crossover except our experimental

120
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results on a 2d isotropic Heisenberg antiferromagnet MnF2H16) in

Chap.rV.A. Two experimental facts have been found there, which

night be attributed to the field induced crossover of the spin

symmetry: One is the anomalous increase of the N6ei temperature

TN(H) and the•other is the remarkable variation of the rnagnetic

heat capacity in the field. The aim of this chapter is to give

physical explan.ations to those experimental facts and to reveal

the 2d XY behaviours induced by the application of externai field.

The discussion of the crossover phenomena in a 2d systern will be

given for the first time in SIV.B-2 and g!V.B-3, concerning with

TN(H) of MnF2H and its rnagnetic heat capacity, respectively.

Especially in glV.B-3, the absolute values of the heat capacity of
                                                            .tthis field induced 2d XY system will be compared with the theoretical

prediction for the plane rotator model to extract a 2d XY behaviour
including the critical temperature region.17r18)

                    ,glV.B-2. Fieid-induced increase of the N6el temperature TN(H)in

         the 2d antiferTornagnet MnF2H

     Xn the usual antiferromagnets, it is usual that the N6el

temperature TN(H) decreases with increasing field H. Generally

TN(H) is expressed as

          TN (H) = TN(O) {1 - a(H/H.) 2}b, (4.g)
                                                     '
where a and b are the constants which depend on models assumed,

and Hc is the critical field defined as Hc = 4zlJl/guB (z; number
of the nearest neighbour spins).17) in the low-dimensional systemsr

however, this is not always the case and TN(H) can be enhanced aS

                              l21
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                                                               '
las been discussed in SIV.B-l. I•gevertheless, the increase o"F•r "Å}" N<H)

in a "2c:k" antiferromacJrnet has not been repor'"Le.d excep, t e.ur recent

work on r-r•inF2Hl6) (see chap.iv.A). in this section, we wÅ}ll give a

qualitati've exv.lanatÅ}on to thÅ}s newly observed increase of TN(H)r,'

           2+             spins in the 2d magnetic system in l•lnF2H are supposed     The :•En
                                                         t.tto be quite isotropic from the ESR experiment; the ratio of the

longitudinal cornponent of the g-..i=ac`Lor to `Lhe transverse one is
estimated gti/gi E 1.005.18) The a"nisotropy field in the erystal

is much less than the crz'tical fie!d Hc --- los koe.l6) "ior.eover,

the two-dimensiona]k:7 oi the systerF. is oÅí the order of IJ'/JI =
lo-3.ll) [ehese prop, erties rnay satisfy the condÅ}tions for inducing

the spin syrnmetry crossover as mentioned in grV.B-l. .
     T-H phase dÅ}agr• anc- for this 2d system in lanF2H determined ÅíroTn

the rneasuremen"Ls o:l :Aie-:-i cp-D.acÅ}i:v (Cp) and susceptibility (x') are

aZread-y be'hown in -F-ig.]K7'..--'•L-6,7 an•-d 1!. The field is applied to Vne

                             'a*-(spin hard) axi:- -.-.ri••.. io the b-(sp- in easy) axis(Fig.IV.A-4). It

should be remarked trliat, with i• .ncr• easing field along the a*-axisr

TN(H) initially increases and reaches TN(H) = 1.IOTN(O) around H =

35 kOe. Then it turns to decrease down to T = O r< at the estÅ}T.n.ated

critical field Hc = 105 kOe. Whavn the field is increased along the

b-axis, TN(H) shÅ}fts down to the critical point at (Tb = 3.62 K,

Hb = 3.8 kOe) just as a usual antiferromagneic to whose easy axis

the field H is ap•ptied. However, once the value of H crosses over

Hb and the spins are flopped from the b-axis onto the a*-c p!ane,

TN(H) begins to increase and trace almost on the same boundary
curve as that for H/la*-axis.i6) These facts Å}rnpiy that, in the

process of inc.reasiang of TN(H), the the]rmal fluctuations of spins
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--n !ong the field direction (z-axis) are sup, b.ressed by the fie!d and

that the spin-sptn correlatibns are effectively changing from the

Heisenberg type "Lo the XY typ. e by "Lhe reason rnentioned in glV.B-l.

In much higher iÅ}eld than 35 kO"a the Zeernan term gyBH<Si•> may become

non-negligibler and hence the <SZ.Si> coraponents are resumed.'

     From the analogous consideration to the case of quasi-ld sys.temr

we can explain the increase oE 'i"• N(.H) oE this guasi-2d isotropic
                                .system as fol!oms". .r"Lssumins.g the susceptibility oi isblated layers
                                       'x2d(T) is known an•d 2ziJ'l is the interaction between the weakly

                                       'coupled layers, we can express Vne susceptÅ}bility x3d(T) of the
          l9)systera as,

                         X2d(T) . .          X3d<T) = IL - x2d(T).2zilr' /gl-sB '                                                         (4.IO)

                                         '
[rhen, tlb.e 3d-t]ransi•iÅ}or;i teiape-yatu•re MiN wUl appear when

              '                 n          x21d([i]N,iib)'2z/iJ'l/gvB == ],                                                         (4.I 1)

                                                      '                                                  '
just as in the case oE quasi-ld systems (ct; x, yr z and B; xr yt
z).2-'4'Z5) [rhe calculation of xct 2d(T,HB) is difficult to carry out

even for the classical isotropic system. Our present data does
suggest `Lhat the baJo.,aviour o.F- x:ct(T,HB) Å}s essentially resemble to

that oÅí x2d(mL,HB) in yespect of the field dep.endence. Then, the'

                       ''Å}ncirease of TN(H) can be explained also in terms of the elongated
        'Spin correlatio-n !ength g2d(T) in the isolated layer, in the
                                            l)analogous way to t-:=e case of quasi-ld systems.                                                This implies that
                                                               '"Ll e area (g2d(T))2 tn which spins correlate togeth. er vsrill be

                                             'enlarged by appl:iing the external field.

l23
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                       's•Iv.B-3. T•b-e 2d X.Y like behaviour -reflec`Led on the mag.ne"Lic heat

         cap, acity in- the field (and Discussion)

     A new type of phase transitÅ}on or ordered phase has been
  '
expected for the 2d XY system as well as for the 2d H' eisenberg

system. !`L i's rigorousiy proved that there can be no spontaneous

magnetization at a finite temperature for the i'sotropic Heisenberg
and xy rnodels.20) The magnetic•-susceptibilityt however, is pointed

out to have a poss.i.bÅ}lity to dÅ}verge at a finite terp.perature in

these models.21'22> 't;fi.e ha..at capaci' ty for a 2d xy system is

notorÅ}ously difÅíicu]2 -Lo evaluate and is not clear up to now. The

calculation based on t'ne llonte Caxlo simulation for the plane rotator

modei with n Å~ n !attice sites (n s IOO) is only one milestone that
gives a overan aspect oi ',",tagnetic heat capacity at present.23,24)

     Under the circttmstanceS, we y•All focus here on the behaviour

of magnetic heat car.aeiLLy in `.,..'ne process of spin symmetry cressover

froTn th/ e HeÅ}senbe.i."g ;o `Lne XY type, by making use of our recent
experiirteintai resu!ts on r•inF2H.i6) in zero fieidt the 2d rnagnetÅ}c

                                                                'system" of this compound erders a.nt2'  ferrornagnetically at TN ==3.69 K,
            'exhibiLLing a small but sharp heat cap, acity peak as in Flg.IV.B--1.

ri'he absolute values o-`h th.aj magnetic heat capacity CA can be well

reproduced by the tln-eoretical va!ues evaluated frorn the high

tempevature series expansion (HT:.) for the 2d isotropic Heisenberg
system with lcri/kB = O.34 K and s =.s/2,25) down to the vicinity

of TN as drawn wi `.•-h a solid lÅ}ne in Fig.Iv.B-1.26) mÅ}he smau peak

at Tbg, rp.ay be consÅ}dern..d to be due to the dimensional crossover from

the 2d system "Lo t;ne 3d system. As the external field is increased
                         'along the a*-axis, iln-e roundness of shoulder of the heat capacÅ}ty
                                             '                           '
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just abovav TN begins to disay.pear and CA grows to give a $yrn.rn.avtrical

behaviouLt, as in "c'ig.IV.-A-12, which can not be reproduce.d by the

HTE for the }-Ieisenberg rnodel any more. As has been dÅ}scussed in

S!V.B-2, the 2d spin system is supposed te be in an X.Y state when
                                              'H = 20 kOe. Therefore we have tried to co,mDare the absolute values                                          L                                                    '                                                                '
oz"  CA wiUn the theoretical results for a 2d XY (plane rota"Lor) model
just rnentioned above.23'24) The. temperature axis' is normaiized Å}n

Fig.!V.B-2 so tha'i "L'ihe experimenti'l heat capacity peak appears at

kBT/JXY = l.02, at '•"•;n.ich -l he theor.n.tical results give the.

corresponding peak.24) rÅ}'he .Da-rameter JXY is taken as in '

                                                 '                                               '
         ]-# = -J XYz cos (Åë i-ej), • (4.1 2)
                                                         'where (Åëi-Åëj) is the ang!e between the nearest neighbouring i-th

and j-th -rotators.* :, r.'. is remari abZe tha-L' the absolute values of

CA coinci• de w-i th theeretical ones Å}n the temperature range kBT/JXY

> 1.l.** One of• the- i=•.e, or'Lan`L indication of the simulation is that
                       -            'the heaF- ca-p. acity exL}i:'Lb' its a peak at kBT/JXY == 1.o2.24) ' !n the
                                               'vicinity of kBT/JXY = !.O, our data exhibit a symmetrical behaviour

and are apparently lager than the theoretical estimations. It

should be remernbered here that the 3d XY system gi•ves a logarithmical
                                                      25)divergence of the h- eat capacÅ}ty at the critÅ}cal point.                                                          Thereforer

*) Wn' en H = 20 kOe, the experimental heat capacity peak appears at

TN(H) = 3.90 K.' If• we reduce JXY = 2IJIS(S+1) for the present system,

IJI/kB = O.22 K is iie-vived as an "effective" interaction in the field.
               '*ft) "i"he present sysiL'em is antiferromagnetic (J < O). However, the

resu!ts of the sixulation (JXY > O) can be available to compare

With th•-e D.resent data of the heat capacity.25)
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it may ]e possÅ}ble for this 2d systeip. to up-dergo a dirtaensional
                                                                'crossover frorn the 2d XY systern to the 3d xy system as Vhe ternperature

comes down to approach the crÅ}tical point, giving larger values of
                                                        '                                                              '                                                       'heat capac' i' ty than those obtained from the sÅ}mulations. In the
                                                        'ternperature range kBT/crXY < l, the experimental results do not agxee

with the theoretical ones. P"specÅ}ally at low temperatures, tihe
                                                            '                                                   'theoretz' cal values see!tt to converge at a constant value which may
be inherent to the ro=L-ac'or• modei.:!t would p' e also un=easohablel to'

                                                         'treat rvin2+ spins as -v• otato-rs do;vn to the iowest temperatures. '
          '                                                                '                                      '
     when the fÅ}ela" H. = 20 kOe is appZi`ed along the b-(easy) axis,
                                      '               '
we can expect the Xl: behaviour as weU, because of ' the sarrte reason
                                                '                                                         '
as discussed in g!V.B-2. The absolute values of CA are shown in
                                                       '                                      'Fig.rV.B-3, which are near!y the satrne as those for HIia*--axis except

the values in the vi• -:Å}r-ftiy oi the crttical region and the sharp
peak at kBT•/JXY = e.7' w:nÅ}ch Å}•s n•.oti-nteresting at present.l 6) !n
                                                                '                       'this dÅ}rec`Lion of i• IA:•e :r• te:/ d, i.':n.=v s.oins can not be free from the
                                                   '
canting interaction :;:fi.icq induc=vs an additional staggered field
Hst (oc H'ID/Jl; D is an estimation of the canting interaction).27>

This staggered field gives an effect to make the appearance of

roundness of the heat capacity a-round TN(}l) just as the roundness

O..f glg: 2.2a`t'hC.a2a.C,i;'Y..2ffi.iediE9"i'"P"g"et aro""d its critic.ai terrtperaFure

     StandÅ}ng on "Jn•nv same theoL'-e'tical trea"Lment by the IYEonte Carlo

                                                           '                                                             'rnethod, we !nay expect a divergence of the staggered susceptibility
at a t' emperature be!ow kBT/JXY = l.o2.24) The ternpeyature dependence

of the induced staggered moment under the field H = IO kOe along

the b-(easy) axis is D.roportional to the staggered susceptibility

l28
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except• "Lhe viciniLLy of• [Vb,,I(H) in Fig.IV.A-l5. This result rtzay be

cornpared with the theory of Kosterlitz and Thouless.22)' ' ,
                         '     According to KosteriÅ}tz,28) the susceptibiiity x is divergent

   '                                                 '            with the formula 'towards ni         KT
                                     '              '                                                             '                            -l/2          x(T) :A•exp(2.625•t ) (4.l3)
s•rhere t :- (T - TKT,)/ntKT,. Some simulation resultsisuggest that TKT
alrnost certainly lies beiween kBr?'JXY = o.ss and o.gs.29,30,31)

VVe tried to comparav eur exe.erimen'i al result with above equation
PUtting TKT = TN(H) =3.74 K. This is shown in the lnx vs t-i/2

plot in Fig.IV.B--4 by `Jne open triangles. .Apparently, fitting is

very o.oor. "luch better fÅ}tting over a wide range oE temperature

(3.79 N 4.2 K) is obt--.ined if putting TKT = 3.5 K. If the maximum
ternpe-rature of]ea"L ca-p, acÅ}ty is at kBT/JXY = 1.02 (TN(H) = 3.74 K),

this fact indicates Vna"L the suscep. tibility diverges at kBT/JXY =.

O.95, N-ihich rnay not be inconsistent with the theoretical prediction.

     Th.e 2d XY magnetic syster,n.s are rarely exist. The compound

K2CuF" is a 2d Heisenberg 'ferromagnet' with a small XY character

(l Ot.). Nevertheless, it can derive a 2d XY behaviour in the

susceptibz'lity which is subject to the Kosterlitz-Thouless
prediction,32) thougn the experimentai correction for the intrinsic

                                                                  'quantity seems to be difficult. Taking these facts into accountr

we can say our present system may be a typical 2d 'antiferromagnetic'

XY systern fo-r. whic;n. "ib.he characteristÅ}c increase of TN(H) and magnetic

heat capacity have been ne'"vly studied.
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chapter V• Ordering of rlnl-xznx(Hcoo)2.2H2o and !-Inl"xZnx(HCOO)2'2D20

           - Randomly dilured 2d Heisenberg system -

gV-l. Introduction

     As the one example of the ordering of two-dimensÅ}onal (2d)

Heisenberg system with a small perturbation, the random dSlution
            '              'effect by the non-magnetic ionsiis investigated. Zn randorn system,
                                                    '
the physical prope.y-+..ies which can'not be ap.eeared in regular system

would be expected e-o be closed up. As tiqe exampZe of random diluted

systemr rtlnl"xZnx(HCOO)2'2H20 and M.nl-xZnx(HCOO)2.2D20 would be

exaptned in this chapter.

     Recently rnany ex-oerirnental and theoretieal works have been
made on various random systems like spin q.iasses 1-5), mÅ}xtures of

                           6- 8)ferro- and antiferromeanets                      . and so on. A general character of
                                         'random system is the spacial inhomogenety of cooe.erativity such as

the rnagnitude and/o:•t `Lhe dÅ}recticn of local field, the connectivity

to the neighbours and so on, which results in a successÅ}ve character
                                                             'of ordering process rZrom the initial local to the final unified
                '                 9-l!) ' •long range order.
                                                               '     An interesting system is a random diluted quasi 2d' magnetr

in which a Åíurcation ore a phase transition into successive ones

may occur on accoun"L of the special lattice structure from the
view.eoint of cooper• a-tivity.ll)

                                                    '         '     Ac tual iy in :- :• ri, -:< Znx (HCOO) 2. 2H 20 (Mn Z' nF 2H) , a dive rgent.

sing ut lari "Ly of sus :av :J -L-• ib Uity at TN in :, 4n (HCOO> 2. 2H 20 (MnF 2H) !2)

has been found to :-urcate systematically with Å~ into two successive
                    :• 3)ones at T, pl and 'li, 2. Nli:,.R experiment in this chapter shows that
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                    is an orderecl state T"rtth the same configura`Lion"Lhe phase below T                 p2
                                                              'as the p.ure system below TxN. Here, we xeport a new finding of .

anotl er anomaly of susceptibility at a `Lemperature To near and above
                                                                'TDI using a SQUMD rnagnetome"Ler. And `Lhis anomaly at [eo is confirraed
 `
by the rneasurement of heat capacity. [Phen we investigate neutron

diffraction to get the informatÅ}on for spin correlations.

gV-2. Experimental resul`Ls and andlysis

V-2.l Susceptibi•]Å}t:v' an"r"; s-e, ontaneous magnetization

     The susceptibilitv. and spontaneous magnetizatien were measured
                                      'accuracy using a SQUT-D rp.agnetorneter in the sarne way as lhnF2H in

glTI,-2.3. Figure V-l(a) is an exarnple (x = O.eU) of the temperature
                                                             '                                                                  'dependence of xb in a negligibly wea'K exte]rnal field Ho (s 3 raOe)

along the b-axis. Tlne peak height at To of susceptibttity z's much

weaker `Lhan those at, nÅ}pz, and Tp2, which Å}s the reason why the Åíirst

anomaly has not long]een• detec`Led by a conventional Hartshorp

bridge method. Figure V-l(b) and (c) are the temperature dependences
of xc and sponganeous magnetÅ}zaticn 14g a!ong the c--axis measured

simultaneously. [rhe spontaneous magnetization is obtained by a so
                                                      'called "field cooling masvtbod" NvThich is usually applied to ferro-
                                                          '                                                              'magnets. This neVnod Å}s aLready mentioned in SIrr-2.3. !t is
                'noticed that M2 decreases in three steps as temperature increases

corresponding io t'ne three anorp.alies of susceptibilityr and also
                                                                'that Mg dÅ}sappear•s ar• ound To and not at Tpl althgugh the magnÅ}tude

is extremely srnaU a'=ove ntpl.,As seen in the figure, the anomalies

of xc at Tpl and Tp2 are much weaker than those of xb showing a
stroncJ anisotropy.-  W'nile the anomaly of xc at To is not rnuc-h
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differen-i from that oE xb. "Lhe tempetature To is found to change

systernaticaUy with concentration x and tends to TN for x -> O as
                  'shown in Fig.V-2. For the concentration .x > O.05, the anomaly of

suscepti'bility at To is broad out, although the anomalies at T pl
        are still sharp enough.and T

     Frox these facts, To should be taken as the transition

temperature frorn the p, aramagneti'c into an ordered state. Thenr

tihe very weak suscepttibility anoir:•.aly at To suggests that the

       'correlation is no-i e.y.tt=v.nded infinitely at To but limitted in a

              '

V-2.2 Heat capacity
                                  '            '     Heat capacity fo-v• the single crystal of Mn                                                 Zn F2H were                                              1-x x
rneasured. FigureV-3 Å}s an exampte of ternpexature dependenee of
                                              '
heat ca.oacity for tLU-e case ol x = O.Oll. [Phere are three anomalies,

of which `Lemperatu•r• es ag-ree svith tinose of susceptibility peaks.

This experiraenta! results convince the fact that three anomaly

temperatures correspond to the three phase transition points. For

the concentration Å~ ) O.IO, the double peak of suscep`Libility at
                                                               'Tpl and [tlp2 are still sharp enough but heat capacity has only double

humps. Mihe substances oE these three phases and the Tn.echanisrns Qf

this succgssive txansitions wUl be examined by proton NtMR and

neutron difEracbion Å}n V-2.3 and in V-2.4, respectÅ}vely.

V-2r3 Proton N}tiu.

     The NpJIR signal•s were observed for the proton No.5 and No.6 in

the dUut, ed salt be!•ow [V p2. An example oE the line profile at 2.0 K
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                                                   '
in thg e:/:te-rna! f-ield of 50 oe is shown in Fig.V-4<a) and comp. ared
                                         'wi'th t}iiat for the pure salt (b). For borlh protons No.5•a.nd NTo.6r

the line width for the dUuted salt is much broader than that for

the pure salt. The signal intensity for the dilute salt is much

weaker than that for the pure salt. Both the width and the intensity

for the dilute sa!t depend strongly on the external static field
   'Ho. The forrrter inc-reases and th.e latter decreases as increa$ing

Ho. Sucn character-ist]cs of Zing p.rofxles are due to the inhomo-

geneous broadening, ;•;le.ich indica"Les a static distributien of local

field at proton sitte in t• he dÅ}lute salt.
                                               '     The signal intensities for both protons No.5 and No.6 depend
                                                                'a!so on terrtperature. 'i"hese decreases as temperature increases and

especially rapidly near Tp2. While, any rapid increase o.f line

width is not apparentiy noticed towards T p2.

- To check'the dÅ}re• :ie.rn..nce or tthe equality oE the dipole sum

tensor at proton slt-:s oi No.5 and No.6 by the deuteration, t/he
                                      'angular dependence pattern in ac-plane at T = 8.0 K > TN or 'i' o was

examined for both dilute and pure salts under the external field

of 4.7]Oe. The pattern for Vne dUute sa!t is shown in Fig.V-5(a>

and compared with "Lhat for the p, ure salt in (b>. There is alrnost
                                                    'no discrepancy between them. This fact indicates che.t the dipole

sutm tensor for the dilute salt is nearly equal to that for the pure

salt.

     To ifLentiz'v t:fi•-e spin structure in the state below T                                                           the

patte-rns or the dep• nvndences of N}4R frequencies on the external
                  -                                          'field dÅ}rection agai• nst the crystal axis of protons No.5 and No.6

are examined at MÅ} = 2.0 K and Ho = 50 Oe. The results are colleeted
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 in upper side of Fig.V-6(a) and (b) and com.pared wÅ}th those for
 LJne .D. ure salt in lower sÅ}de of the same figure, respectively. No

 essential dÅ}fference is found be"Lween the patterns for the dilute
                                                  ' and the pure salts, frora whÅ}ch che spin structures for these salts
               ' are Åëoncluded to be guite the same as each other at least in the

 skelton. TnJhile, as Eor the spin structure in the state bettveen

 [Vpi and !Vp2, no i;infoL7Tsnation is a.vairable from proton NMR even in

 the skelton, becaub-e v.o ]QT'g!R signai" can be detected at all in this

                              '                . temperature reglei.. '. . ,
      To loQk after tn.D- growing feature of spontaneous iocal moTnent

 of both A and B ionst respectÅ}vely, the temperature dependences of

 the scesonance frequen.cies of proton No.5 and No.6 at zero field

were examined. The results are collected in Fig.V-7(b). The

 susceptÅ}bili`Ly of the very sample is shown in Fig.V-7(a)for a

 comparison. rn regu!ar system, each local ionic.rnornent is taken

 usually proportional `Lo the suhlattice magnetization to whÅ}ch each

 ion belongs. In -random systera, such a Melation would not be

 applicable in general. However, in the present case, the spin

 structure for the dilute salt Å}s the same as that for the pure salt

 in the skelton. So, we expect the proportionality relation between

 the !ocal moment and the sublattice magnetization and use it in

 the sarne analysis in ChaD..ZIX (SIII•-2.2).
   '      As the results, `Lhe resonance frequencies of proton No.5 and

 No.6; tos and w6 a:e expressed just the same as the case of pure

 salt as a functior, o:r only the magnitudes of ILAI and iLBI as

           tui= i]AFiÅ}(n)t (i = 5,6) (s.i) :- (3.ii)

 where n is the ratÅ}o iL• Al/ILBI and Fi is a function of only n.
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                                                               '                                                                'T•hus, we get ILAI and n by apD. iying eq.(5.I) to the ex-e, erim,ental

data in fig.V-7(b). The obtained temperature depenctence.s of IIJAI

and n are collected Å}n Fig.V-8(b) and V-9(b) and com.o• ared with

those for the pure salt in Fig.V-8(a) and V-9(a), respectively.

mLhe temperature dependences of ILAI fer the dilute and the pure

salts are almost the sarne, if the critical temperature for the

forrner is taken as Tpl as seen Å}p the figure or as To. The behaviours

of n ior these sa!ts are also sinilar to each other except very

near [Ep2 and sho;g a Cur.{ e-;']eiss's law. As temperature approaches

to [Dp2, howevert n i,o-r "uhe diÅ}ute salt Å}ncreases rapidly indÅ}cating

a divergent charactovr• .

V-2.4 Neutron di-'"-L fr• action

     The develop]L.e,fi.L" -o:F int.r-a-pl-:n=v spin correlation in the anti-

fe rroma gneti eal !y eoup :, e. d (IOO) r.j :, anes is directly con fi rmed by a

Bragg =idg=v along "L.;'-ie (]OO) dÅ}rection. The line profiles for the'

cross section of t:qe ri•dae at various temperatures are summarlized'                        .J. L
Å}n Fig.V-lb. The ternpemr.ature dep. endence of th/ e peak intensity r
                                                               r
of the ridge is shown in Fig.V-ll(b). [Vhe intensity Ir reaches

the rp.axiinuirn around T and almost consicant between T and T . Xt                    oo                                                         pl
decreases monotonousZy below Tpl and no anornaly is noticed around

TP2. The ternperature dependence of the line width of the Bragg

ridge was .v-oughly examined and is shown in Fig.V-i2(b). The line

width is narrowest around To, The half intensity width is however,

larger than those for nuclear Bragg refilection or for the <OOI)

magnetÅ}c Bragg poin`L reflection far below Tp2 which Å}s shown as,

the resoÅ}ution width in Fig.V-l2(b), direct!y indicating that the
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            '
intra=ro•].ane correlatÅ}on is not extended to in- finitv.
                                                               '     T,la.as. (OOI) Bragg point rezelectz'on intensity Zp was Qbserved,

to see the g-r-owing feature of 3d order pararneter. Figure V-ll(a)

is th.e te;in.perature dependence of !p. A remarkable is that I p does
                                                                'not start to grow up at To but at Tpl, which indicates that the

transitÅ}on at To and the intermediate state between To and T pl are
                           '                                             is that from the 2ctof a 2qi system. Wn' i!e, the transÅ}tion at T                                          pz .                                 --into a 3d ordered stat• e. The grov•jth rate oE X r however, is almost
                                             p.
Iinear at Tpl and cln.a--=gnvs apo. reciaD'  ly a)found Tp2. The line proiiiLe
                                                       'for tihe (OOI) B-ragg -re:-!ectz'on was examined in detail and is shown
                                                  'in FÅ}g.V-l2(a). The width gets graduaUy narrow as temperature

decreases and at 2.0 K (T N O.7'Tp2) Å}t is alraost the same as that

for nuclear Bragg ravL`lecbion showing the perfect 3d long range

order a"L the tem-pnvLta-i ?.'.re. Ap.y ar.pr•eciable change, however, is

            t-                                                          'observed around ri" A.
                 Pl
     [rhe (IOI) Bragor- re:•-Zection Å}nriensity was also observed. rt
                                                             2is knos,in that the (COi) intensi"Ly z's proportiona! to (LA - LB).
                            2and Uqe (101) is to (LA + LB) . The proportional constants are

determined from the resolution function. As the resu;t we can ge"L

the rnagnitude of staggered moment of A and B site. L                                                     and L                                                            or L                                                   ABA                                     'and n. [rn' e ternperature deD.endences of LA and n by the experithent

of neut-ron diffractjon are shown in Fig.V-8(c) and V-9(c)t

                                                       .respectÅ}vely. F.o;-7ever, thÅ}s estimation is rather unrelÅ}able above
                                         '               . -labout 3 I< that is below e = IO because of the gradual change of

half Å}ntensity widt'n as shown in Fig.V-l2(a). The temperature
dependence of n is sirp.Uar to that by N}•cR experirb,ent. And the

critical index B of, JTA is the same as that by NMR experiment except

                               152
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                                        'very vici• ni"Ly of `Lhe critical poÅ}n=LH Tp2.

     The line proEile of the Bragg ridge for Tpl < ri" < ["•o and thgt

o-re  Bragg poÅ}nt fo-r Tp2 < [P < Tpl are shown in Fig.V--l3(a) and (b),

rgspectÅ}vely. Both of these widths a]e greater than the reaolution

       'widths. As the results, both the intra-p!ane correlatÅ}on. Iength
                                                           'for Tpl < T < !eo and the inter-plane correlatÅ}on length for [P p2 <
                                          '                                                               'T < [Vpl are not infini`Lely long.'. n2he 2d long range order for Tpl

<T< To and 3d !. .r-. o. ior "i' p2 <T< Tpi are both imperfect and'

the perfect 3d l. r. o. is realized t,"ar below T

gV-3. Discussion
                  '     As mentioned in gY-2.l, the transition at To is that from the
                                                 '          --paramagnetzc -nto a-r, or- dered Sta`Le with a small but finÅ}te spontaneous

magnetization. -""ron. =-=e r•esul,t$ i.n- SV-2.4, the transition at To

                                             are concluded to beand the i-n•."LermedÅ}atr=- state be-iv'v;•ea-n nÅ} and !r                       .O                                          pl
a 2d syst'em. Mthe r"2is'u• .-:yed Xinav widtq for the Bragg ridge around

To is about twice as Zarrsre as -Lh.at for nuclear Bragg reflection.

The correlation ien-gth is thus limited to a finite value even at
                                     'To. Mihe absence o:-  inter-plane correlation between To and Tpi iS

attributable to the finite cor-velarvion length in each plane at T                                                               o
as shown by a sirnple free energy considerationli) and rnay be one

                                               'of sorne featuFes o-F quasi 2d random. system. '
       '     As mtentioned in SV-2.4, the transition at Tpl is that frotu the

imperfect 2d 1. r. o. into a irnperfect 3d ordered state. A charac-

teristic fact is the slow (almost linear) growth rate of 1 at T                                                               pl'                                                         p
Zt Å}s essentially differen`L r"rom those for the pure sys'tem of x = O

and otl er regular systems at TN or Tc where l p changes with
           '
                        '                                              '
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v

temperature as (ri" c - pt2B and np is the criticai Å}ndex of magnetizatÅ}on.

                                                                 '              it                           is tha`, Å}nto another 3d orde'red state .     The transltxon at !D                        p2 '
which is quite the same sta"ue as in the pure system below Tl as
                                   'mentioned in SV-2.3. From the descreate change of Ip at Tp2 and

                                                            --strong anisotropy of susceptibiMty peak at Tp2r a spin -reorientatxon

type transition may be suspected to occur at the•ternperature. But

no experimental evidence is obtained by searching various many

                                 -.reElections which can de'Lect the drobable reorientation. The
                                                              'possibiUty is there:io.-e comp, lete!y ruled out. ' The origin of the
                                                    '
transition at Tp2 ;s not clear at .present but may be a orderÅ}ng

of "para.rnagnetic" B ions.

     !t may be att-ributable to the characteristic intex-plane
structuire of tv!nF2:lt:i4), in which !n"utuauy independent paramagnetic

ions ar• nv sandwicns-5 .-.-e`..'"•een tlh.sv ahdjacent antiferromagnetic planes.

Since t.he inter-r.]ar.e correlation•. is just brought through the
paramagnetjc ion, =• hsv inteL?T,n,ediar•y :t!n2+ ion (B site) is a good

"observer" of the inter•-plane cor-re!ation.
                                                                      '     Xt is certainly conpiderect- f•rom the results of neutron diffraction

that Tpl is the terap, erature o!"  ihe onset of 3d long range order.
            'Because the Bragg p, oint intenslty begins to grow be!ew Tpl. As

seen in gV-2.3 and 2.4, rnost of B ions is considered to order at

Tp2 in the internal field o.roduced by ordered A ions. Then, what

is happen at To ? !t is suspeeted that "pre--ordered phase" is
                'realized at To in 'L-'  his system before the occurence of the !ong

range order at Tpl. We consider that this "pre--ordered phase" rnay

appear generally jn randorn systems.
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       phase diagrara for Cu(FCOO)2•2H20'2CO(NH2)2

     "ihe iz'eld sweep charts of differential susceptibility (v =

IO MHz) along a*--axis are shown for the various reduced temperatures

T/TN in Fig.VI-i. These peaks correspond to the phase transition
                  'from 4 sub-lattice to 2 sub-lattice structure. Tracing down the

shift of this -peak o-n aL'h•..a. T-H plane, we get phase boundary curve

between 4 sub- and 2 s';b-lattz'ce st-ructure as in Fig.VI-2. [Vhe

peak o-F susceptibiU`u'y becomes gradually broad as the temperature

decreases. However tne vertical axis is sca!ed in arbitrary units

concerning zero poinLL. Various charts are gathered for the guide

to eye. The temperature sweep charts of susceptibility under the

various external "Fie]a's along the a*-axis are gathered in Fig.VI-3.
                                                'The sha-v•p p• eak at "iN(O) = l5.5 :< shifts towards lower temperature

side rat.h-v=r sensitÅ}v-:L,y with in.creasÅ}ng field. This boundary

             'coincides with that dov-Lermined r"rom the field sweep measurernent of
                                                       '                                                        '

     In Fig.Vr-3, we note tha"u anoVner broad shoulder begins to

grow on the higher "uem,.perature side of tlie susceptibility peak.

This broad rnaximum shifts to the higher temperatures, separating

from the sharp peak, with increasing field. This broad maxirnum

                                                          'becornes broad ou'L" u,nder the fz'eld larger than about l kOe. The
           'trace o-`, these .'n,LaxLrv,u,m poÅ}nts describes a phase boundary curve

between 2 sub-latti•ce and paramagnetic phases in Fig.Vi-2 as is

                                     'shown below.
                        '
     In the same wav as rnentioned above, we can get the phase
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A

bound.7rii for th. e field applÅ}ed along the c-axis. Figure VX-4(a)

shows LLhe phase boundary up to 12 kOe determined by thcv' .measuremgnts

of susceptibility. !Dhis phase diagram is siTnUar with LL}iia"L for
                                                            'H//a*-axis. The temperature dependence of the line shift oE proton
                                                                'NPvlR is shown in FÅ}g.VX-4(b). There are two transition points.
                                                                  '                                                                 'mihese ex-perimental yesults are consistent with the fact that 4 sub=
                                             'lattice structure in which spins are anti-paralXei to nearly c-axis

is irealized belortv 8 K anLpuL 2 sub-!attice structure in which spins

are anti-parallel to L'-(;/ 2-)axis betiveen 8 K and l6 I<.

     The fieid depenc'ence of NsMR line shift below the transition

ifield (about 2 kOe) ts shown in Fig.VZ--5. The experimental data

are shown with open circles and calculated points are with closed
                     'cÅ}rcles. !Dhis calcu,lation was performed with the va]riables of 4
sub-!attice rnoment -Lo:t;a-rds z-axis :•iiz(4) and 2 suD' -lattice mornent

towards y-axis pa."2). E:ne iieid dependences of M;2) and LNiE4) aye

shown in FÅ}g.VZ-6(p-). The change of the vector of Tnagnetization
t/ is shown in Fig.vl-6(b). The tr-ansversal axis indicata..s !gE4)/D4f

and longitudinal axÅ}s "'i;2)/tMf, where r•if is the full moment of cu2+

ion. Dotted line shows the eircle with constant l:,-ll = O.7.Mf.

Xt is s] own tha"L the sublattice monevnt becomes larger with the
                                              'appearance of 2 sub-lattice moment and approaches the theoretical

vaZue.
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