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Abstract

Ordering of pure and nearly two-dimensional-Heisenberg anti-
ferromagnets have been investigated experimentally by proton NMR,
spontaneous magnetization and susceptibility measurements using a
SQUID magneﬁometer, etc.

A compound Cu(HCOOQ) ,+*2H,0+2CO(NH,), may present a closest
system to the perfect two-dimensional (2d) Heisenberg one of éll
existing real materials. The critical index B of spontaneous
magnetization is determined as 0.22 in the wide temperature range

3. € < 8 X 10_1). This wide range character can not be at-

(10~
tributed to be so called crossover effect. This value of B = 0.22
are also measured in 2d Heisenberg antiferromagnets with canting
interaction Cu(HCOO) ,+4H,0 and Mn(HCOQ) ,+*2H,0 as the critical
exponents in temperature range a little far from the critical
temperature. This critical exponent B = 0.22 is inconsistent with
the exponents of any conventional universality class. This value
is an intermediate value of 2d Ising and 3d systems, and may
suggest the existence of a new universality class.

The magnetic ordering of a heterogeneous 2d Heisenberg system
Mn (HCOO) 2+ 2H,0 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 temperature 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 Xg of B subsystem follows the Curie

law. Spontaneous magnetization of A subsystem follows two distinct



exponential laws. Outside of the crossover point e* (= |1 - T*/TN|)
> 2 X 10-2, B = 0.23 and the closer neighbourhood to TN' B = 0.30
are obtained. The critical indices Yy of susceptibility (y = 1.74)

and B are very close to the values for two different universality
classes i.e. 2& Ising and 3d Ising 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) ,*2H,0 is determined by the measurements of heat capacity
and susceptibility. An anomalous increase of the Néel temperature
with increasing field is 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 under
the appropriate field is found to agree with the theoretical wvalues
for the 24 plane rotator model in the paramagnetic témperature
region.

Three successive phase transitions are observed in the random

diluted 24 Heisenberg antiferromagnet Mn xZnX(HCOO)z'ZHzo by the

l_
measurements 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

§I-1. Genexral aspects of the study
There are many investigations of the critical phenomena in

low-dimensional magnetic systems both theoretically and experimen-

tally.>

As for one-dimensional (14d) systems; behaviours of thermodynamic
quantities can be more easily obtained theoretically thén as for |
two-dimensional (2d) systems. It has been theoretically proved
that there exists no long range ordered state at a finite temperature

in one-dimensional systems of any spin symmetry (Ising, XY or

2,3)

Heisenberqg). However, there have been observed the occurences

of a long range order in a lot of real chain compounds, which are
certainly brought by an inter—-chain interaction. Exact expression
for the heat.éapacity and magnetic susceptibility of one-dimensional

Heisenberg and Ising spin systems have been given by Bonner and

4) 5)

Fisher and many other authors. Experimental results of linear

chain materials have been found in good agreement with the'theoryi

6)

above their transition temperatures.

As for two-dimensional systems, it was rigorously proved by

7)

Onsager that a two-dimensional Ising spin system of S = 1/2

orders at a finite temperature with a symmetric and logarithmic

divergence of heat capacity. Temperature dependence of spontaneous

8)

magnetization in this spin system has been given by Yang

3)

exactly. -
On the other hand, Mermin and Wagner gave the rigorous proof
telling that one- and two-dimensional Heisenberg or XY spin systems

do not have a spontaneous magnetization at a finite temperature.



As for three-dimensional (3d) spin system, we are convincing
an existence of phase transition with a spontaneous magnetization
at a finite temperature for any type of spin symmetry. ,There have
been observed a lamda type anomaly of heat capacity and>divergence
of magnetic susceptibility.

For the so-called second order phase transition, the critical
phenomena have been considered theoretically to be described by

the "scaling law" and the "universality".g)

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
fundamental factors i.e. (1) lattice dimensionality, (2) symmetry
of spin interaction and (3) force range, and is independent of any
other details of the system i.e. connectivity, lattice structure,
spin guantum number and so on. The critical exponents follow to
the well-known scaling relations among the critical indices, e.g.
a' + 28 + y' = 2, The concept of "weak universality" has been
recently proposed, which claims that reduced critical index A/v
(A: o, B, etc.) is universal, where v is the critical index of

10)

correlation length. The former universality is called "strong

universality".

The hypothesis of universality requires the observation of

the "crossover" phenomena to the three-dimensional class in real

11)

quasi-two-dimensional system. Stanley gave the following

expression for the thermodynamic quantity.

f(R,a) = A(R,a) |1 - T/TC|}\. (1-1)

In the region of very vicinity of the critical point T A is the

CI



criticzl index for three-dimensional Ising spin system. a (= HA/HE)
is the degree of anisotropy of interaction J in two-dimensional
lattics, and HA and HE are the-anisotropy and exchange field,
respactively. R (= J'/J) is the ratio of inter—-layer interaction
J' to the intra-layer interaction J, which is a measure of two—di—
mensicnality of the system. Outside of the crossover region the
quantity £(R,a) is identified to that of the two-dimensional system.
Now, "scaling law" and "univérsality" are taken to be valid
experimentally for some examples, but there are lots of examples
which seeﬁ not to realize these laws. Accordingly there are
problems as follows, (i) Whether the previous criteria (1), (2)
and (3) are proper or not, and (ii) Whether a new universality class

which is not known so far ekists or not. In this thesis, we will

examine these problems experimentally.

-3

hese laws are taken to be valid experimentally as well for

some simple magnetic systems like e.g. Rb,CoF,, a quasi-two-dimen-

sional Ising system. In this salt, spin correlation functionzg)

and magnetic heat»capacityzg) and so on in the vicinity of Ty can
be well described by the Onsager's rigorous solution, although this
salt is not perfect Ising-type magnet.

Systematic investigations by neutron diffaction on 2d Heisenberg
like antiferromagnets.KzNin and KéMnF4 have been done,lz) which

show that the critical exponents of spontaneous magnetization in

these szlts are well described as the exponent for 24 Ising class
below T,, although the 3d long range order is observed below TN'

It mav suggest that the dominant purturbation is the Ising-type

anisotropy within each plane in these salts. While, the investi-



3)

gation by neutron diffraction on KZCqul shows that the critical
exponent 3 of spontaneous magnetization is in good agreement with
that for 3d XY universality class. It may suggest that the domi-
nant purturbation is the three-dimensionality in this salt.

As mentioned 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 neigﬁ—
bourhoods of 2d Heisenberg one which is in the openest situation
for the new problem. Because, perfect 2d Heisenberg system is

3)

known not to order at any finite temperature and could order with

7)

weak purturbation like Ising-anisotropy,2 three—-dimensionality
or an antisymmetric interaction, for example. If 2d Heisenberxg
system with antisymmetric interaction orders at a finite temperature,

this system might reveal a new feature of phase transition unexpected

so far.

As for 2d Heisenberg antiferromagnets, we examine especially
so called the canted antiferromagnets i.e. Cu(HCOO) ,*2H,0-2CO(NH,)»
(CuFUH), Cu(HCOO),+4H,0 (CuF4H) and Mn (HCOO),+2H,0 (MnF2H) with
small anisotropy and the three-dimensionality. Further, as the
case that-purturbation‘is the external field, the phase transition
under ihe external field is investigated for MnF2H. Moreover, as
the case that purturbation is the random dilution of magnetic ioné,
the critical phenomena of Mnl_
The magnetic property of Cu¥FUH may be a most close to the
14)

xanFZH is investigated.

perfect 24 Heisenberg system of all existing real materials.

There is the canting of the moment caused by in—-equivalent g-tensor.

The log-log plot of spontaneous magnetization versus € (2 1 - T/TN)



is found to be extremely straight in the wide temperature range

"3 < ¢ <8 x107"Y) and 8 is determined as 0.22 + 0.02. This

(10
fact can not be attributed to be so-called crossover effect, because
the straight region is wide enough. This value of B = 0.22 are
also measured in 2d Heisenberg antiferromagnets with canting inter-
action CuF4H and MnF2H as the critical exponents in temperature
range a little far from the critical temperature.

In Chapter II, the critical phenomena and the quantum effects
of the 2d Heisenberg antiferromagnet CuFUH are investigated. The
compound CuF4H, the inter-layer interaction of which is twenty times as
large as that of CuFUH,is also invastigated. The critical indices
B of other 2d Heisenberg-like systems are surveyed on the diagram
of Ising anisotfopy versus three—dimensibnality. In the several
salts, the value of critical indices B8 is about 0.22, although the
range of reduced temperature € are rather narrow except for CuFUH
and MnF2H. In the case of CuFUH and MnF2H, the straight line
regions are wide enough to asign the coefficients as the critical
indices.

This critical exponent 8 = 0.22 is inconsistent with the
exponents of any conventional universality class i.e. 2d Ising,
3d Ising, 3d XY or 3d Heisenberg., This value is an intermediate
value of 2d Ising and 3d system, and may indicate the existence of.

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

discussed there.

In Chapter III, the magnetic ordering of a heterogeneous 24
Heisenberg system Mn(HCOO) ,+*2H,0 (MnF2H) is investigated. The

interplaner structure of this compound is composed of a alternate



piling up of two in-equivalent magnetic planes i.e. a strongly
coupled antiferromagnetic A plane and another almost paramagnetic

B plane. Each paramagnetic B ion 1lies on a inter-plane interaction
path between the édjacent two A planes. It is interesting to
examine the influence of the heterogeneity or such a modification

of inter-plane interaction on the ordering of an especially
Heisenberg-like system. Spontaneous subsystem magnetization LA

of A sﬁbsystem follows two distinct exponential laws. Outside .of
the crossover point e* = 2 x lO_2 » B =0.23 + 0.02., In the
closer neighbourhood to TN' B = 0.30 + 0.02 indicates apparently

a three-dimensional nature of ordering below TN.ls)

While, the
spontaneous magnetization LB’of B subsystem is found to grow up

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

B =0.23 + 0.02 may suggest that the present salt belongs to the
same universality class as that in CuFUH.

The spontaneous magnetization and the susceptibility are mea-
sured simultaneously under negligibly small residual DC field and
exciting AC field using a SQUID magnetometer. The critical indices
Yy and B are very close to the values for two different universality
classes 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 subsystem susceptibilities are

separately observed above TN by proton NMR in the external fields
along the special directions determined by the dipole sum tensors.lG)
The susceptibility Xa of A subsystem shows a broad maximum around

7 K (= 2TN). While Xg of B subsystem follows the Curie's law for

S =5/2 and g = 2.0.



In Capter IV, the magnetic ordering of 2d Heisenberg antiferro-

magnet under the field is investigated.l7)

It is expected a
crossover phenomena of spin symmetry from the Heisenberg-type to

the XY-type induced by the field. The fully mapped T-H (temperature=
magnetic field) phase diagram of MnF2H has been defermined by the

18) The

measurements of magnetic heat capacity and susceptibility.
critical field which is the'transition field from spin flopped

to paramagnetic state has been éstimated to be 105 f 5 kOe at

T = 0 K, which gives the intra-layer ekchange constant [J[/kB =

0.35 + 0.02 K. The magnetic structure in various phases and the
mechanisms of transitiqns under the field are examined by the
measurement of proton NMR. An anomalous increase of the Néel
temperature TN(H) which is nearly linear with increasing field has
been found in this 24 compound as in the case of quasi-14d compounds.lg)
The anomalous 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

of H = 20 kOe have been compared with the theoretical values ekpectéd

for the 2d plane rotator model.lg)

A quantitative agreement has
been found between them in the paramagnetic temperature region.
In Chapter V, the phase transition of random diluted 24

Heisenberg system Mn Xan(HCOO)Z-ZDZO (MnZnF2D) is investigated.

l_
The random dilution of magnetic ion may be taken a kind of symmet;y
breaking purturbation. Three successive phase transitions are

observed in this guasi-2d random magnetic system by the measure-

ments of susceptibility and spontaneous magnetization using a



15,20)

SQUID magnetometer and of heat capacity. There are three

transition temperatures T T and T (TO > T > T ).

0’ "pl p2 pl p2

Combining with the experimental results of neutron diffraction,

the second transition point T
152122)

ol is sure to be the 3d long range

order temperature. The first transition point Ty is that
from the paramagnetic into a kind of 24 ordered state. The third
transition point sz is that from the intermediate 3d into the

final unified long range ordered state.

In Appendix, the phase diagram for Cu(HCOQ) ;+*2H,0-2CO(NH,) 2
(CuFUH) under the external field is investigated by the measurement

of differential susceptibility. This is a supplement of chapter II.

§I1-2. Experimental procedure
Nuclear magnetic resonance of proton was measured by the

conventional éteady method. As for the experiments under the zero
field or small external field, the second- and first-derivatives
of NMR spectra, respectively were detected by field modulation and
frequency sweep. And as for those under the high external field,
the first derivative were detected by field modulation and field
sweep. The NMR experiments at higher frequency from 1 to 40 MHz

4)

were performed by the Robinson type spectrometer,2 and those at

lower frequency from 500 kHz to 1.5 MHz were by another Robinson

5)

type spectrometer2 which is sensitive in low frequency oscillation.

The experiments at higher frequency than 40 MHz up to 250 MHz were
performed using Hewlett Packard vector voltmeter 8405-A. The block
diagrams are given in Fig.I-1 and Fig.I-2, respectively.

The NMR measurements at the temperatures above 4.2 K were made
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in adiabatic cell. 1In order to avoid the heat up caused by eddy
currant losses, the thermal block consists of quartz plates. Quartz
has an excellent heat conductivity below 50 K which is almost
comparable with that of Cu metal. The temperature control is

AT/T < 10—_4 at the temperature below 20 K.

The direction of external field is corrected precisely by
additional field which is perpendicular to the main fiéld and is
generated by the small-sized handmade superconducting magnet.
Accordingly, the field direction is able to be setted spatially with
the error less than 0.2°. It will be described in detail in §II-2.3.

The experimental method for measuring the heat capacity was

essentially the same as ever reported.zs'zﬁ)

The ac susceptibility
was usually measured by Hartshorn bridge method operated at the

freﬁuency of 100 Hz with the amplitude of about 1 Oe.

The temperature dependences of the spontaneous magnetization
and ac susceptibility-at zero field in the immediate neighbourhood
of TN was measured simultaneously by using a SQUID magnetometer.
The zero field measurements are made at negligibly small residual
dc field including earth field and a suppression of exciting ac
field intensity. Both fields are less than 5 mOe. 1In order to
obtain the spontaneous magnetization, so-called "field cooling"
method is applied.

Neutron diffraction experiment was performed by using the
double axis spectrometer of Institute for Solid State Physics (ISSP),
the University of Tckxyo in JRR-3 of JAERI, Tokai. For the quasi
elastic scattering, the triple axis spectrometer of ISSP in JRR-2

is used without doing energy analysis, to improve the S/N ratio of

11



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

§I-3. Sample preparation

Samples of CuFUH and CuFUD of which protons are deuterated
except for the protons of formic radicals were used for the experi-
ments in Chap.II. The single crystals of CuFUH (CuFUD) were grown from

saturated aqueous solution of CuF4H [CuF4D] and (NH2),2CO [(ND2),2CO]

by recrystallization using the teﬁperature dependence of solubility
in the temperature range between 20°c and 30°c. The single crystals
were grown from seed crystals hung by nyron fibers in the solution.
Single crystals of CuF4H and CuF4D were obtained in the same way.
Colors of CuFUH [CuFUD] and CuF4H [CuF4D] are blue and light blue,
respectively. There are not change of colors and léttice structure

by deuteration.

Single crystals of MnF2H and MnF2D were grown by a slow
evaporation of saturated agqueous solution at the constant temperature
about 50°c. Colors of MnF2H and MnF2D are light pinc. These samples
were used for the experiments in Chap.III and IV.

Single crystals of Mn
20)

l_XZnXFZD are grown by the following

procedure, First, the deuterated powdered specimen is prepared
by usual slow evaporation method from the saturated heavy water
solution of the mixture of the hydrated salts MnF2H and ZnF2H of
reagént grade. Second, in a saturated heavy water solution of the
powdered specimen mentioned above, single crystals are grown by
suspending small seed crystals which are quite transparent and of

good outer shape, by fine nylon fibers. 1In the whole recrystallization

process, the saturated agqueous solution is kept at constant

12



temperature of about 50°c and at a constant and homogeneous
concentration by a steady stiring of the solution at a constant
speed in thermostat. In this way, transparent crystals of light
pinc color and of nearly hexagonal block with linear dimension of
about 5 mm are grown in several weeks. On the single crystals sﬁch
prepared, the ac susceptibility measurement is made in order to
check the randomness of dilution.

The substitution ratio from proton to deuterium is about 90 %
after twice deuteration for CuFUE. These ratios are
larger than 90 % for XMnF2H and Mnl_xanFZH. The deuteration 'is
very important for the experiment of neutron diffraction because

of incoherent diffraction of protons.

13
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Chapter II. Ordering of Cu (HCOQ) 2 * 2H,0+2CO(MNH2) 2

and Cu (HCOO) 2*2D20+2CO(ND2) 2

§IT-1. Characteristic of Cu(HCOO) 2°*2H,0°2CO(NH;) >

The crystal and the magnetic structure éf Cu (HCOO) 2 - 2H,0°2CO(NH3) 2
(CuFUH) are essentially the same as those of‘a well-known quasi= .
two-dimensional antiferromagnet‘Cu(HCOO)2-4H;O (CuF4H).l)
The crystal of CuFUH has a distinét layer structure with copper
formate sheets ?arallel to thé (100) plane as seen in Fig.II-1l.
All'Cu2+ ions are in the (100) plane and form a slightly distorted
square lattice which is almost the same as in CuF4H. The bridging
formate groupS provide a superexchange pathway in the plane. The
adjacent planes of Cu2+ ions are separated by water and urea
molecules, while thecse in CuF4H only by water molecules. Consequently
the inter-layer interaction J' of CuFUH is much weaker than that
of CuF4H. The compound CufFUH approximates a 2d Heisenberqg anti-
ferromagnet of S = 1/2 with the intra-layer interaction J/k = -33 K 2)
It is an interesting system in which a quantum effect like e.q.
spin reduction may be observed experimentally. It goes into the
3d antiferromagnetic ordered state at TN = 15.5 K.

The compound CuFUH is a crystallographic two sublattice (C2)
system, magnetié basic properties of which are rigorously studied

3)

on the basis of the linear responce theory. For C, system in

which the §;tensors of magnetic ions at the two sublattice points

are not egquivalent, the basic Hamiltonian is expressed as

};L =ﬂ0 +/}‘l‘5’z (2’1)

where}#o is the Hamiltonian without external field and/%% is the
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Hamiltonian of Zeeman interaction and expressed as
= = b i~ j~ 5l 2.2)
My = v I.(579; + S35y H (
J
where §l and §2 are the ¢g- tensors of magnetic ions at 1 and 2
sublattice points, respectively. This Zeeman term is expressed 1in

another form as

N o=-ps stsshgw- s si-sdh.sm (2.3)
z Bij 1 2 : Bij 1 2 S
- -1 N
where H, =g “ed-H (2.4)

g and d are the averags and the difference tensors of él and §2

defined by
§ =25, + 3§, (2.5)

~=1 y . , ~ . . .
and g is the inverse tansor of g. From a physical view point,

it means .the fact that a C, system under a uniform field is quite

2

equivalent to a crystallographically single lattice system (Cl
system) in which the g-tensor of magnetic ions at all lattice

points are egual to § under both a uniform field_ﬁ'andia staggered
field‘ﬁ;. The staggered field is generally defined as a wavy
excitation field whose wave length is a half of the lattice spacing.
As the staggered field is the conjugate field of order parameter

of antiferromagnets, it is just the staggered susceptibility that
characterizes the critical phenomena of antiferromagnet. In order

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

the physical quantity of Cl system.

18
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The uniform and the staggered magnetization operator for the

C., and C. system are defined by

2 1
.._\= ~ i ~ j
m ung(ngl + g282) (2.7)
7=z (g8t - 5.8 | (2.8)
Bys 9171 ~ 9272 .
J
and ;; = U Z ?j(Si + Sj) (2.9)
£ Bij 1 2
_sf = u_.ZX §(si - sj) (2.10)
£ By 4 1 27!
respectively. The uniform and staggered magnetizations of the C2
- — .
system M and L, which are the canonical average of(ﬁ)and(ﬁh are
related to those of the Cl system ﬁ} and f} by the equations
M= Mo+ d.-g “Ley (2.11)
and T =T, +ag M. (2.12)
£ £
Owing to this one to one correspondence between the Cl and C2
systems all the magnetic properties of the C2 system can be derived
3,4,5)

from those of the Cl system and vice versa.

In the following, the basic properties of a C, system is ex-

1
amined when both an external uniform and a staggered fields are

applied. 1If the external fields are weak enough and the system is

in the paramagnetic state, the uniform and the staggered magnetizations

—_

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

follows.
S ~f = ;f RN
Me = X, B + X g Hg (2.13)
_ ~f PN ~fA
Lf = Xsu H + Xg Hs’ _ (2.14)

The coefficients iis and %gu are the uniform and staggered

19
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magnetizations induced by a unit staggered and a unit uniform fields,

respectively. The coefficients Xi and xi are the uniform and the
staggered susceptibility tensors, respectively.
Putting egs. (2.13) and (2.14) into egs: (Z.ll) and (2.12),

the uniform susceptibility of C, system, which is defined by

2

2|

-~ - . »
=‘Xu~H, is written as

~ ~ ~£

- _ ~=1 g | £
Xy = Xy + Xggt9 td +d-g T-Xg, s

+ a-57 135571, (2.15)
The effective staggered susceptibility of C2 system is defined by
- ~ef =

L = Xg *H, then

Lef _ o . -
XS = Xgy * X

f -1 S
s su s 9 ta o+ d-g l’Xf + d-g l'Xf °g ta (2.16)

S u us

Thus in the real C, system not only the uniform magnetization but
also the staggered magnetization are induced by applyiﬁg a uniform
field H. The corresvonding susceptibilities iu and i:f are
expressed by the linear combination of the uniform, the staggered

and the cross susceptibilities of the C, system.

1
The uniform susceptibility is obtained directly by measuring
the ac susceptibility by taking the limiting ofizéro frequency and
amplitude of the excitation field. The effective staggered
susceptibility is related to the internal field of nucleus and

thus to the NMR frequency. The shift of NMR frequency from that

of free nucleus is expressed as

2 A xts (- ~ef, =
Aw = 5V H- (A Xy + K o-Xg ) °H | - (2.17)
where X% = Al + 12 and Al and §2 are the interaction sum tensors

of the nucleus with the neighbouring magnetic ions at 1 and 2

20
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N

sublattice points, respectively. H is the unit vector along the
external field direction. Once we know iu and igf, using egs.
(2.15) and (2.16) we can get the information on the uniform, the
staggered and the cross susceptibilities of the Cl system. 1In the
special case in which the zero field Hamiltonian”h% does not |
include any antisymmetric term for the interchange of sublattices,
the cross susceptibilities iis and igu are exactly zero since these
quantities are antisymmetric for éhe interchange of sublattices.

~ ~ef <
Xy and Xg are shorted as

~ _ f U N e ,
Xy = Xy ¥ d-g Xg"9 d (2.15")
~ef _ of -1, S .

s = Xg°9 d +d-g Xg - | (2.16")

In antiferromagnet the staggered susceptibility grows much larger
than the uniform susceptibility with decreasing temperature towards

T L %D, so if g

. diverges at TN’ the temperature dependence

d;2 ~f
F xs), although

iu is almost expressed as ii at high temperature. There are two

"~ 3 * 13 ~f ~
of Xy 1S in proportional to Xg near TN (xu = l

contributions of iu and izf in the line shift of NMR. Near Ty Aw
is in proportion to i:f (Aw = l%]~§§ ) and the proportional
coefficient of Aw is as about [§/d| times large as that of iﬁ

(susceptibility measurement). |d/3| is about 1/25 in this salt

as shown later in 8§II-2.2 experimentally.

Using ébove staggered field eiffect, the anisotropy field (HA)

and the inter-laver exchange field (HE') are estimated. Magnetization

curves at 4.2 K6) zr2 shown in Fig.II-2. Below TN’ sublattice

long nearly c-axis (or Li~axis). The relation

4]

moment is aligned
between the crystalline axes and the principal axes of the magnetic
susceptibility is shown in Fig.II-3. The L,- and L;-axis, and the
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CufrfUH at 4.2 K.
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b=L2=L2g

a,b,c : crystalline axis
Ly,L2,L3 :the principal axis

of the magnetic susceptibility
Lig,Ll2g,L3g :the principal axis

of the g- tensor

Fig.II-3. Relation between the crystalline axes, the
princizal ax2s of the susceptibility and the principal

axes oF the J-tensor.
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L, - and L, —-axis were determined from the magnetic susceptibility

lg 3g
and the ESR measurement, respectively. When the external field is
applied along the L;- (L:-)axis, the staggered field is induced
along the L;- (L;-)axis. And the bendings of magnetization were
observed at H = 2 kOe and 10 kOe for the field applied parallel to
the L;- and L,-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 Hi = 80 Oe and Hi = 400 Oe. The exchange
field H_ which is known from the intra-layer interaction J (J/k =

E

-33 K) is 1.7 x 106 Oe. Consequently we can evaluate the degree
of anisotropy a = HA/HE as 5%243 10_5, which is excellently small.

While, when the external field was applied along only Li-axis,
the jump of magnetization was observed at H = 500 Oe in Fig.II-2.
The field of this jump is a good measurement of the inter-layer
coupling J', because this jump is occured owing to the phenomenon
like the metamagnetic transition concerning inter-layer antiferro-
magnetic interaction. Inter-layer exchange field Hé is estimated
as 3.5 Oe using the staggered field effect and the discrepancy
between the direction of spontaneous magnetization and that of
staggered field, and the ratio of inter- to intra-layer interaction
R = |J'/J] = HE'/HE is given as 2 x 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
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CurUE, respectively.7'8)

The phase transition of CuFUH at TN = 15.5 K is very
characteristic. The temperature dependence of susceptibility and

2)

hea£ capacity'for this salt is shown in Fig;II—4. 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 at TN. The extra entropy associated with it was.about

0.006 ¢ of the total magnetic entropy Rln2 (where R is the gas

constant).

§II-2. Experimental results-and analysis.
II-2.1 Spin reduction

The result of angular dependence of NMR frequency (pattern)
of CuFUD in the ac-plane at T =17 X > Ty (= 15.5 K) is shown in
Fig.II-5. This pattern was examined under the external field of
7.57 kOa. The solid curve is calculated using the induced staggered
moment along the b-axis which is induced by the L;—-axis component
of the external field. The magnitude of induced staggered moment

—Zl’emu/ion,

at this temperature and under the field is 4.1 x 10
which is about 42 % of the full moment. The fitting of the data
to the calculating internal field with the use of point dipole model
or dipole tensor is roughly good. And the value of the induced

staggered moment (42 %) is consistent with the result in CuF4D.4)

The positional parameters of seven crystallographically non=
equivalent protons in the unit cell are listed in Table II-1.
Using these positicnal parameters, the dipole sum tensors in 4 sub=

lattice sitructure and in 2 sub-lattice structure are calculated
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Table TI-1.

-

positiondl parameters of CuFUE
positional parameters
proton a o) c

Hp F 0.0635 0.2041 0.3165

Hy N1l1 0.7097 0.2413 0.4605

H, W12 0.5869 0.2572 0.3235

E, N21 0.7801" 0.0082 0.5435

H, N22 0.7266 -0.1338 0.4598

He 1w 0.3486 0.0692 0.1019

He 2% '0.3280 0.0769 -0.0534

h
P b (-y)
a = 8.275 A
b = 8.346 A
c = 8.018 A
B = 96.36°
AC(Z)
B8
a
a* ( x ) B = 96.36°
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Table II-2.

1T
The dipole sum tensor of CulfUH
4 sub lattice spin structure
( » 1022 ) (em3 )
x v z -
-0.30 -2.66 ~2.38 X
B 4.91 0.36
~4.61 z
~2.08 ~5.15 ~0.38
Il -1.85 . ~0.05
3.92
-1.16 -2.92 ~2.04
B, -1.82 -0.15
1.35
-0.01 -0.17 1.38
H3 -4.85 -0.01
4.86
-0.45 2.83 -0.39
By -3.38 0.02
3.83
-6.45 -2.54 -2.38
HS 3.11 -0.27
3.34
~-6.49 -3.11 3.12
H6 3.47 0.56
3.02
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The divole sum tensor of Cul'UE
2 sub lattice spin structure
( % 1022 ) (cm™3)
X vy Z
—

' ' -0.25 ~2.59 ~-2.37 X

HF 4.97 0.36
-4.72 z

2.49 4.46 -0.38

Hl 1.88 0.03

-4.37

1.30 1.44 0.71

H2 0.07 0.15

-1.37

-0.03 0.16 -1.52

H3 5.27 0.01

-5.23

0.41 -2.39 -0.03

H4 3.78 -0.01

-4.19

-7.75 -2.12 ~-1.56

H5 4.00 -0.28

3.75

-8.08 -2.69 3.30

H6 4.24 0.55

3.84
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and listed in Table II-2 and Table II-3, respectively. The spin
structure formed by the induced staggered moment is 2 syb-lattice
structure in which arfangements of inter-later spins are parallél
and intra-laver are antiparallel, While, in 4 sub-lattice structure
the arrangements of both intra- and inter-layer spins are antiparallel.
FPor the purpose of determination of the spin structure and
the spin reduction in ordered phase at zero field, proton NMR
experiments were performed for boéh CuFUH and CuFUD at 4.2 K. The
angular dependence of resonance freguencies was investigated in the
bc'- and the ac-planes. PFPigure II-6{(a) and (b) are the patterns in
the bc'- and ac-plane under the field of about 50 Oe, respectively.
From the figures, it is found that there is no b-(y~)axis component
of internal fields at a2ll proton sites. This situation is understood
that there is no y-~{b-)axis component of sublattice magnetization
considering éhe symmetrv. The internal fields at the proton sites

are calculated using the dipole-dipole interaction as follows,

~ {4 a ~ (4
gl = (8.0 o 54 (4 (2.18)
i 3713 3j i
where Hg4ks the internal field at the i~th proton site, L$4) is the

spontaneous sub-lattice staggered magnetization of j-th sub-lattice
and 5§4) is the dipole sum tensor at the i-th proton site, which

is already shown in Table II-2. The line of proton in formic
radical is determined from the experimenﬁ of CuFUD. Using this

result, the spontansous sub-lattice magnetization was determined

by least square fitting as follows,

1 L)(<4) = 0.78 x 107%Y emu /ion

|

| L;4) - 0 IL(4)| = 5.28 x 10 %% emu/ior
LZE‘” = 5.23 x 107%! emu/ion

~
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he amplitude of the canting moment could not determined by proton

3

JMR mzasurement. Schematic spin structure is shown in Fig.II-7.

[

Using three principal g-values which are 9z, =2.37, 9y = 2.11

lg 2g
and 95, = 2.086), the magnitude of spin $§ is determined as S = 0.276

and chgSpin reduction is determined as AS = 45 %. The calculated
internal fields from these sub-lattice magnetizations are listed
in Table II-4 and compared with.the experimental results. Agreement
between them is rather good. An important thing is that this
experimental results are explicable with only the unusual magnitude
of spontanéous moment.

The spin reduction under the external field was also investiéated
by proton NMR., When the external field is applied along a*-—axis
(or ac-plane), the staggered moment is induced along b-axis.
Above the field of 2 kOe at which the bending of magnetization was
observed,G) 2 sub-lattice structure is realized. The internal
5 ()

field of i-th proton is expressed as follows, using dipole

sum tensor in 2 sub-lattice structure,

g2 = 352 .0(2) o 5(2) . (2) (2.19)

i 5 i3 3 i :
where L(Z) is the staggered sub-lattice magnetization and has only
y-component. As the external field Hex is along a*- (x~)axis, the

resonance condition is expressed as

!Hex + Hi Ol | .

where |H

0] is the resonance field of free proton ([HO[ = vo/Y: Vg
is the resonance freguency and Y is the gyvromagnetic ratio).

Equation (2.20) is that of the second degree with resvect to the
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spin structiure

Fig.II-7. Schematic spin structure in 4 sub-lattice

state at zero field.
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Table II-4. The internal field at proton sites at 4.2 K.
Experiment Calculation
H (0e)| o (deg){ B {deqg) - a 8 Proton
H_ 274 36 0 287 26 0 H(FYy
Ho 304 21 0 274 15 0 . H(N21)
HS 241 - 0 235 ~438 8 H(1w)
H6 229 - 6 0 216 32 1 H(2w)
Hl 201 -11 0 209 -16 -12 H(N11)
H, 189 -16 0 198 -7 6 H(N22)
H, 128 - 0 125 -58 -14 H(N12)
-21 .
L_=0.74 x 10 ernu/ion
Ly = 0.
L.Z = 5.23 x 10_21 enu/ionn
b (v)
9
a* (x)
8
o
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(2) (2)

staggered sub-lattice magnetization L . As L is along y- (b—

or L2C—)axis, using = = 2.11 the magnitude of full moment of
= 2 g ’
" 21

Cu2' ion (S = 1/2) are calculated as L. = 9.78 x 10 emu/ion.

£
The change of Ly with increasing field was investigated experimentally

and shown in Fig.II-8 comparing with Le- The spin reduction AS is

30 2 3 ¢ and almost constant between 2 kOe and 54 kOe. This value
9)

o

AS = 30 % 1is good agreement with the theoretical value of 28.2
by the spin wave thsory taking inéo account kinetic interaction
(due to finite magnitude of spin). This fact suggest the accuracy
of dipole sum tensor again.

The anomalous large spin reduction AS = 45 % at H 0 (in 4

Ii

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

which is used to get AS = 30 % at H > (in 2 sub-lattice

hbend
structure). So the value of AS = 45 & at H = 0 must be sure
experimentally and anomalous value. This reduction value is almost

the same as that of CuF4H (AS = 47 %) at H = 0.10)

II-2.2 Observation of staggered susceptibility

Magneéic susceptibility of CuFUH was measured between 1.2 K
and 90 X by Yamamoto et.alz)(cf. Fig.II-4). A broad maximum of
the uniform susceptibility of antiferromagnet associated with the
develcopment of short range order was observed near 60 XK. A remérkable
peak was also found at 15.5 K, which certainly shows an onset of a
phase transition., This peak is caused by the staggered susceptibility
according to the dsscription in §II-1. Magnetic susceptibility in
high temperature recion agreed with the calculated one by high

temperature series expansion with J/k = =33 K down to about 60 K.
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Tt is possible to measure the staggered susceptibility directlv
py proton NMR method according to the discription in 8II-1. Figure
7T-9 shows the line shift of é proton in formate radical, which is
caused bv the staggered moment versus the external field, which is
proportional to the staggered field. The initial slope is propor-
tional to the staggered susceptibility. Therefore we can get the
temperature dependence of the stgggereq susceptibility above TN
up to 28 X by the measurement of proton MNMR and the uniform suscep-
tibility. Log—-log zlot of this staggered suscéptibility Xg and
the reduced temperature £ = (T - TN)/TN is shown in Fig.,II-10.

It looks strange that the rounding begins to occur far from the

critical point (e = 2 X 10_l

). According to §II—1; the magnitude
b, .

of szg is determined by the direct measurement of susceptibilitv

and gxi is also determined by the measurement of internal field of

proton using-NMR method, where § is estimated lé/él. As to this

salt, the next relation is practically realized.

A P D

.—L—-.
1.23 X11

~

3) (2.21)

because XL3<K X1 for the low temperature. So, the value of.g and

absolute X: is calculated from the experimental results, and § =~ 1/25.
The theéfetical éfééiction for the susceptibility (y) of.tﬁé

classical two~dimensional Heisenberg ferromagnet, as calculated

directly from the ten—term high-temperature series expansion becomes

11)

unreliable for & = xT/J = 1.5 The blending of block-spin RG

ideas with Monte Cz-lo techniques has greatly increased the versa-

12,13)

tility of these mestrnods. Monte Carlo data calculated using

. . . . 14
one-coupling Hamiltcnian is extended down to t = kT/J = 1. )
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~

Our experimental data for the staggered susceptibility X;,
which is normalized to Curie's susceptibility C/T, are plotted with
the theoretical ones (i.e., M. C. data and the data by high-temper-
ature series expansion and by low—temperaturevrenormalization group
method) in Fig.II-llL With decreasing temperature, the experimental
data becomes extremely small comparing with the data by the low=
temperature renormalization group method. The cause of this dié—
crepancy may be regarded as the quantum effect on susceptibility.
Because the staggerad magnetization oxr the order parameter of

antiferromagnet does not commute with the exchange Hamiltonian.

II-2.3 Critical index of spontaneous staggered moment
The antiferromagnetic axis in 4 sub-lattice structure below

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

the rotation of spins is known to be caused by the staggered field
effect as described in §II-2.1 and 2.2. When the external field
reachs a certain valu= Ht, 2 sub-lattice structure that inter-layer
spins are arranged parallel is realized. The resultant phase
diagram in the ac-plane is shown in Fig.II-12 for thervarious
temperatures below TN. There exists the Lji-axis where Ht turns to
be infinitely large. The phase diagram is symmetric around the
Li-axis. This phase boundary can be explained as the curve on
which the magnitude of the staggered field is constant or the L,=

axis component of thz external field is constant. (L;—-axis is per-

pendicular to L:~-axis.) In other expression, Ht(e)-sine is constant

for any €, where Z is the angle from Li;—-axis and Ht(a) is the
transition field frocm 4 sub- to 2 sub-lattice structure at the angle.

When the external field is applied along the Lj;-axis, there is not
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~yered field effect at all. In the sense, this ordering is

v
[39]

[

any St
agsentially the same as the cordering under the zero external field.
However, in the case the observation of spontaneous magnetization
by NMR is possible to be made under the external field or in high
frequency region. Therefore the observation is more sensitive in
the vicinity of the critical temperature under the external field
than the zero field. For such an observation, it 1s necessary to
set the direction of external field along the Lji—axis precisely.

It is possible to set the external field along fhe Li—-axis Qithin
0.2° in the ac-plane, but difficult to set the field exactly per-
pendicular to the b-(y-)axis. This difficulty was overcomed by
setting an additional field H, which is perpendicular to the main
external field. The discrepancy of sample setting in this case was
kept less than 0.8° from the ac-plane as shown in Fig.II-13.

The temperature dependence of the line shift of proton NMR
under the external field applied along the Lj—axis is independent
upon the magnitude of the field. The Néel temperatures in the
fields decrease slightly by the effeét of the uniform field (TN(H=O)
= 15.5 K, T

L(H =10 kOe) = 15,1 K). The temperature dependence of

N ' ""Lj

the line shift down to 1.4 X was examined and the part of the

vicinity of T, is shown in Fig.II-14. The symmetric lines which

N

appear both above and below the free proton show that 4 sub-lattice

structure is realized below T The derived spin reduction value

N°

3 X is in agreement with the result in §II-2.1

I

extrapolated to 7T
(8 = 45 3). The temperature dependence and the magnitude of the

line shift does not depend upon the magnitude of external field

at all within the measured field range. This fact means that this
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line shift is mostly determined by only the spontaneous magnetiza-
tion. Log-log plot for line shift versus reduced temperature € =
|T - TN!/TN is shown in Fig.II-15. Line shift or spontaneous
magnetization follows a power law at very wide € range, ]_O'—3 < g

< 8 x lO_l as seen in the figure. The critical exponent B is

0.22 + 0.02.

In the compound CuF4H, Ising anisotropy is almost the same as
and inter-layer interaction is aboht twenty times larger than that
of CuFUE, respectivalv. By the similar experiment, the critical
exponent B is obtained as follows, B = 0.22 ibo.Ol for lO‘l.< €

1

< 4 x 10 " and B8 = 0.30 + 0.02 for 1073 < & < 107! shown in Fig.

II-15. The latter value B8 = 0.30 is in good agreement with the

result of proton NMR under the zero field by Dupas and Renard.lo)

§II-3. Discussion

According to the hypothesis of universality, the following
phenomena would be expected to occur. If the Ising-type anisotropy
is added to the 24 Heisenberg system, the value of critical exponent
0dI = 0.125).

While, if inter-layer coupling (J') is added to 2d Heisenberg

B must be that of 24 Ising universality class (B8

system, SAmust be the value of 3d universality class (BBdI = 0.31
3 83dF = 0.35). For examples, X,NiF, and K;MnF, are known to show

the 24 Ising like index.ls) While, KzCuFulG) and Mn(HCOO)2-2H20,l7)
etc. are known to show the 3d system's indices.

As mentioned in 35II-2, the value of B = 0.22 is obtained for

CuFuD. This salt

I o

i
{3

asi 2d Heisenberg system, Ising anisotropy

and inter-layer interaction are both extremely small. The exponents
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close to B = 0.22 have been also observed in a certain e range of

some materials, e.g. MnF2H, CuF4H, KZCuF; and so on (cf. Table TII-
5). The result of log-log plot for CuF4H is also shown in Fig.II-
15 and that for MnF2H in Fig,III-6 in Chap.III. The & range which

indicates B = 0.22 is comparatively wide for MnF2H (2 X 1072 < ¢

<5 x 107t

). The index B = 0.22 for wide & ranges in these two
examples i.e. CuFUH and MnF2H may indicate that the value is not
the intermediate 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.II-16. The 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. While, turning to the right, one-dimensionality becomes
increasingly good. Turning to the upper side, the system becomes
growingly Ising like. While, turning to the lower side, it becomes
growingly Heisenberg like, The ideal 2d Heisenberg system is
located at the limit of left and lower side. It is well shown how
ideal CuFUH is in comparison with other materials. 24 Ising system
which is solved exactly is located at the limit of left and upper
side. The materials, the value B of which indicate about 0.22 for
the temperature range far from the critical temperature, are located
at the position of neither 2d Ising like nor 34 system.

The perfect 2d Heisenberg system has not any spontaneous mag-
netization at a finite temperature at all. But with a certain
small perturbation, the system may go into a new kind of universal-
ity class. For CuFUH, MnF2H and CuF4H, antisymmetric interaction

might be the small perturbation. For the other compounds, the
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Table IT-5. Exsamples of

which the

critical index B indicates ncarly 0.22.

Materials 8 e=1|T- T |/ T Reference
Cu (11C00)Y 5 * 21,0+ 2CO(NH,) o 0.22 10~3 < g < X% 10“l present work
Cu (11C00) 3 41,0 0. 22 107 < ¢ <4 x 107t
3 1 present work
- 0.30 1077 < € < 10
r~ . 2 -1
Mn (HCOO) ; * 2120 0.23 x 10 < e <5 x 10
3 ) "' present work (Chap.III)
0.31 x 10 < g < 2 x 10 . .
-3 -2 :
KFeF, 0.209 2 x 1077 < g < 4 x 10 23)
- -2 1
RbFerF, 0.249 10 < g < 6 x 10
-4 -2 25)
0.316 5 %x 10 < g < 10
-
- 2 "l
Rb,Fel, 0,20 3 x 10 <€ <3 x 10
- - 22
0.30 5x 1073 < e <3 x107? )
K,CuF, [ 0,22 7 %x107% <e <5 x10t
- - l6
0.33 4 x1073 <€ <7 x1072 )

I}

=l
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value B of which indicate about 0.22, the origin have not been
discussed in detail. It is expected to seek some possible pertur-
bations if any, which introduce such a new universality class.

The value of spin reduction in 2 sub-lattice phase is in good

by the

ol

agreement with the theoretical value for S = 1/2 AS = 28
spin wave theory. The comparison with the other quasi 2d Heisen-
berg antiferromagnets with large spin reduction is shown in Table
II-6. There are no sxample for é = 1/2 except CuFUH and CuF4H.

The question is the czuse of large spin reduction in 4 sub-lattice
phase at zero field. This anomalous 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 bsen calculated by the spin wave theory for

the case of 2d and 3d Helsenberg antiferromagnets. However, it is
unknown for the cass of intermediate of 2d and 3d Heisenberg anti-
ferromagnets. It may be suggested by this experiments that the

model of 2d Heisenberg antiferromagnet with the very-small purtur-
bation for symmetry breaking which expressés B = 0.22 is possible

to indicate the larger reduction than the pure 2d Heisenberg anti-
ferromagnet. There is other possibility except for the.quantum
effect. For instance, a similar situation to the so-called

chirality order. for triangular antiferromagnet may be considered

to happen in this guzdratic lattice concerned with the probable

4 sub-lattice intsrzction if any.
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Table II-6.

Quasi-two-dimensional nearly Heisenberg

antiferromagnets with large spin reduction AS.

S J'/Jd a exp = AS s.w. ref.
Mn (HCOO) , - 2H,0 5/2 1073 1073 10 % 8 % 40)
. * -3
MnTlO3 5/2 10 w25 % 29)
Ca,MnoO, 3/2 10 ° 33 % 13 & 41)
. -5 -5 : .
Cu(HCOO)2-4H20 1/2 10 10 47 % 28 % 10)
-6 -5 o
Cu(HCOO)z-ZHZO 1/2 10 10 45 28 % present
. J work
2CO (NH,))

J'/J : The ratio of inter—planef to
intra-planer interaction.

a : The anisotropy in inter-planer
interaction.

s.w. : The spin wave theory for 2-dim.
Heisenberg Magnet.

ref.9) I. Ishikawa. & T. Oguchi.: Prog. Theor.

Phys. 54 (1975) 1282. '

* : The honeycomb lattice.
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Chapter III. Ordering of Mn(HCOO) ,+2H,0 and Mn(HCOO) ,*2D,0

at nearly zero field

§ITT~1. Characteristic of Mn(HCOO) ,+2H,0
The compound Mn (HCOO) ,+2H,0 (hereafter MnF2H) is a layer
structure antiferromagnet and approximated to a quadratic Heisenberg

system of S = 5/2}3)

The inter-planer structure of this compound,
however, is heterogeneous or composed of a alternate piling up of
two inequivalent magnetic planes i.e. a strongly coupled antiferro-
magnetic A (100) plane and another almost ideally paramagnetic B
(200) plane consisting of non-interacting ions. Each paramagnetic
B ion lies.on a inter-plane interaction path -0O(CH)O-Mn-O(CH)O-
between the adjacent two A planes and say decorates the interaction.
Such a inter-planer structure is gqualitatively different from any
other gquasi two-dimensional (2d) systems so far investigated 1like
e.g. KgMnFq?) The crystal structure of MnF2H is shown in Fig.III-1.
The lattice parameters and proton positions in this hydrated salt
are listed in Table III—l?) Six independent protons are in the unit
cell, two of which, denoted as No.5 and NO.S, belong to the formate
radicals forming the intra-plane (in A plane) and the inter-plane
(between A and B plane) interaction paths, respectively and remain
unchanged after deuteration as mentioned in next section (§III-2).
This compound is an antiferromagnet with some very weak but
non-zero moment 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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Fig.III-1. Crystal structure of Mn (HCOO),+2D,0.
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Table ITII-1.

Proton Positional Parameters of Mn(HCOO)z-ZHZO

Positional Parameters
Proton X% v : z.
H, (D) ‘ 0.307° 0.099 0.261
H2(D) 0.460 0.146 0.224
H3(D) 0.203 0.106 0.509
H4(D) 0.227 0.891 - 0.551
H5 -0.065 0.283 0.227
H6 0.335 0.482 . 0.395
b(y)
a = 8.86 A
b = 7.29 A

*
a (x)

c(z)
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1,6)

to the uniform one. Insuch a way, the following relations are

found to be satisfied in the same way as those in 8II-1.

Mt = nr” : (3.1)
xt =yt + n2X” (3.2)
and u s ‘

where L and Xg are the staggered magnetization and the staggered
susceptibility of the system without the moment canting mechanism
and the suffix // and 1 means the easy (b-) and the perpendicular
(nearly c-)axis componant, respectively. n is a small coefficient
concerned with the canting mechanisms. The magnitude -of n is the
degree of moment canting and actually about-lO_3 in the present
case.7) Thus we can derive the characteristics of L. and Xg of

MnF2H, directly and accurately by a conventional magnetic measurements

especially in the neighbourhood of the critical temperature TN.

h

The ratiovof effsctive inter-layer interaction between
A planes through the intermediate paramagnetic B ions
to intraflayer interaction is estimated to be 10_3.8) The lowest
spectral term of the freé Mn2+ ion is 685/2 and its ground state
is expected to suffer negligibly small crystalline field splitting
(< 0.05 cm~l) as reported in the ESR experiment of Mn2+ ions.g)
The g-factors for the Mn2+-ions on the A and B planes are 9p =
2.005 + 0.004 and g5 = 1.993 + 0.010, respectively. Therefore, the
A planes of MnF2H may be approximated as a 2d isotropic Heisenberg
antiferromagnetic svstem.

It is interesting to examine the influence of heterogeneity

Or such a modification of inter-plane interaction on the ordering

of an especially Heisenberg-like system. Because, a 24 Heisenberg
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system does not order at a finite temperature and any small purturbation
may give a remarkable effect on the onset of ordering.‘ For this
purpose, the essential is the separate determination of two subsystem
guantities or susceptibility, spontaneous magnetization and so on.

All the previous experiments tell us that the thermal and
magnetic properties of MnF2H are well explained by a simple
superposition of those for a quadratic Heisenberg antiferromagnet

and an ideal paramagnet above T, . indicating that the interactions

N

are negligible not only among B ions but also between the subsystems.
Early susceptibility measurementl) derived vy = 1.7 for the staggered

3

susceptibility in the temperature range 1 x 10 ~ < g(= IT/TN - 1))

<1 x 10—2, which is very close to 1.75 for 2d Ising universality

11) 2)

class. While the previous NMR showed

and neutron diffraction

that the growth of the staggered magnetization of A subsystem LA

below TN’ follows an exponential law and a critical index of B =

0.23 + 0.01 in the measured temperature range 4 X 10-2 < g <5 x 10

This value of B is different from both 0.125 for 2d Ising model

and 0.31 or 0.35 for 3d Ising or 3d Heisenberg model, respectively.
Such aﬁ intermediate wvalue of B may be associated with the

characteristic inter-planer structure of this compound mentioned

above. Indeed, the analysis of neutron diffraction derived a small

but finite (about 10 % of LA) spontaneous magnetization LB below

TN indicating a weak interaction between the A and B subsystems.

So in this chapter we tried to examine the proton NMR on deuterated

salt MnF2D in detail to determine the uniform subsystem susceptibility

and Xg above T separately, and the spontaneous subsystem

Xua N

magnetization L, and L_ below T _, respectively. We also tried a

A B N
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simultaneous accurate measurement of susceptibility and spontaneous
magnetization of MnF2H at zero field in the immediate néighbourhood

of TN by using a SQUID magnetometer.

§ITI-2. Experimental results and analysis

I1II-2.1 Separate observation of subsystem susceptibilities above TNlG)
The Mn ion system in the A planes makes a long range order at

T. (= 3.686 K) but that in the B planes still behaves paramagnetically

N
12) . .
The inter-planer correlation

down to the temperature far below TN.
is brought by paramagnetic ions in the B plane. It is therefore
interesting to observe the temperature dependence of each subsystem
susceptibility Xg ©OF Xgr respectively. The separation, however,

has not been successful by bulk susceptibility measurementl'l3)

and also by conventional proton NMR.14)

In principle, it is found
possible when the NMR signal is detected in the external field along
the selected directions as explained below. Here we report a
successful trial on Xa and Xg of Mn(HCOO) ,+2D,0 (MnF2D), the heavy
water substituted salt of hydrated one.

There are two crystallographically non-equivalent protons in

the unit cell df MnF2D, which correspond to proton No.5 and No.#6

in the hydrated salt.l4) The internal fields for these protons are
-
caused by the ionic moments in both A and B subsystems’ﬁA and m,.

The resonance line shift for these protons due to the internal

field is expressed by

AHi(e) = CiA(G)-mA + CiB(G)-mB, (i = 5 or 6), (3.3)
_ . _amax _
and ciI(e) = 0;7°Cc0s2(6-6,77) + B, . (1 A or B), (3.4)
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where - indicates the direction of external field. Quantities my

. . - S . -
and My are the magnitudes of ionic moments oy and my and proportional
to Xp and Xg respectively., When the external field is in the zx=

plane, 01, BiI and 9?§x are expressed by the components of dipole

d.. as
sum tensor iT

XX_ .22, 2 xz,2,1/2
oyp = Udyp-dyp = +« (4571777, (3.3)
Biz = & 1+ 572, (3.6)
1% 1x
max _ R | Xz XX _ .22
and eiI = 1/2tan [ZdiI/(diI diI)]. , (3.7)

The dipole sum tensors in para state are shown as D+ in Table III-2,
including those in ordered state as D . The relations in the case
of external field in the xy- and yz-planes are obtained by cyclic
changes of suffix x, v, 2. By using the fact that the dipole sum

tensor 1is traceless or

XX VY L 122 _
ajT + dy7 + 4i7 = 0, (3.8)
we can easily show the inequality ayp > BiI for at least two of

three cases where the external field is in the xy-, yz- or zx-plane.

S . " _ e L : . . ..

if o BiI in the zx—-plane, coefficient ClI 1S necessarilily zero
. 0 0 0 .

at a special angle aiI‘ In the case of 8 = eiA or eiB, the line

shift AHi is caused by only m_ or only m  and proportional to onl?

B A

Xg OF only Xnr respectively.

Practically for proton No.6, we obtain egA = 34° from a' (Lbc-

plane) to c-axis. The temperature dependence of AH_ for 8 = 34°,

6
which should give directly the temperature dependence of Xg 7 is

shown in Fig.III-2. The solid line shows the Curie law for s =
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The

sum

tensor

( x 1022 ¢m~3 )

Mn(HCOO)z-ZD

+
( Dp =Da1+Da2

I1X

X Y z
Dy 6.97 0.14 ~0.30 x
-1.26 ~-8.44 Y
-5.70 z
Dy ~2.49 0.56 -0.38
1.35 0.68
1.14
Hg -
Dy ~0.12 2.02 2.94
-1.98 ~0.068
2.10
Dy~ -0.85 0.65 -0.85
0.29 0.11
0.56
D" -4.59 0.25 2.70
3.00 -0.18
1.59
pgt 2.85 0.32 0.25
-2.83 0.27
-0.02
Hg
Dan 5.00 -0.31 -3.78
~2.86 0.10
-2.14
53 -0.49 -0.39 1.36
5.98 -0.12
-5.49
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5/2 and ¢ = 2.0. The agreement with experimental result is very
good considering that no adjustable parameter is included there.

It means that down to T,  the Mn ions in the B plane are quite

N

independent not only of each other within the plane but also of Mn
ion system in the A planes, the short range order of which is highly

developed near T

0
58 5

which corresponds to y.-T curve. A remarkable is that Y, shows a
A A

N &S seen below in the XA—T curve. For proton No.5,

= 61° is found. Figure III-3 is the AH_-T curve at the angle,

broad maximum at about 7 K and decreases down to TN as temperature
decreases. The characteristic temperature dependence of Xa above
TN should be taken as that of the 2d Heisenberg-antiferromagnet of
S = 5/2, refering the very weak anisotropy in the system.
Tentatively, the experimental reﬁult is compared Vith a theoretical
estimatels) by high temperature series expansion, although the
latter may bé reliable only above the temperature around whiéh X
takes its maximum. The only adjustable parameter J/k is taken here
as -0.4 X, which is consistent with the previous experimental
value -0.35 K.8)
Finally it should be noted that the sum of obtained Xp and Xg
is found to be in agreement with the result by bulk susceptibility
measurement. The present method is generally applicable to other
multi~sublat£ice systems. Especially, in crystallographic two

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

of only staggered mode separately.

III-2.2 Spontaneous subsystem magnetizations below TN
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below T, are determined by the dipole-dipole interactions with the
surrounding Mn ions in both A and B planes. The dipole sum tensors
in ordsred state are summarized as D in Table III-2. In principle,
we can derive the spontaneous subsystem staggered magnetizations
LA and LB separately by analizingvthe resonance frequencies for
two protons No.5 and No.6 in MnF2D.

The use of deuterated salt ‘instead of hydrated one is impotant
and noteworthy here. 3ecause, inléhe hydrated salt six NMR lines
gather to a narrow Ireguency range with increasing the width as
temperature approaches to TN. It results in a difficulty of separation
of individual line and thus a large uncertainty'in determining the
resonance frequency of each line. 1In deuterated salt, while, the
number of lines is reduced to only two. The present success in
extending the lower limit of measuring temperature one decade closer

" 11)

to T,. than in earlier experiment

N is indeed owing to this deuteration.

In order to check the influence of deuteration on crystal and
spin structure, the angular dependence of NMR frequencies (patterns)
are investigated under the condition that the applied static field

intensity H, is much weaker than the local dipole fields H., at the

0 d
proton sites., Figure III-4{(a) and (b) are the patterns at 2.2 Ki
(v O.6TN) at Hy = 50 Oe in the ac~ and bc-plane, respectively.
The black and white circles show the data for the deuterated and
the hydrated salts, respectively. Clearly both data are in good
agreement, which assures that the spin structure of MnF2D is just
the same as that ¢ XnaF2H.
To investigate the growing feature of the spontaneous subsystem

magnetization of both A and B systems, the temperature dependences
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of MMR frequencies at zero field are observed. The result is shown
in Fig.ITII-5.
The resonance frequencies of proton No.5 and No.6 are generally

expressed by

w; = 1y-H§|, (i = 5,6) - (3.9)
i _ ~id ~i '
and Hy = Z(DI My + D LI), (3.10)
X ~i+  ~i =i ~i-  xi 0 ~i _ ~3 ~1
where DI = DIl F DIy, DT = DIl D12' (I = A,B) and DIl and DIZ

are the dipole sum tensors from 1 and 2 sublattice points‘in I

I I

magnetizations of I subsystem. In the present antiferromagnet,

subsystem, respectively. M. and L_ are the uniform and the staggered

the coupling between the uniform and the staggered moments is known
very weak and contribution from My and MB are negligible. So in

this case, wi_is determined by the magnitudes LA and LB and expressed
in the form as

w; = Ly

‘F,(n), (i = 5,6) (3.11)
. . . . o ~i- ~i~-

where 11 is the ratio LA/LB. Fi(n) is determined by DA and DB

and a function of only n. By applying the experimental data in

Fig.III-5 to eguation (3.11), L. and n are obtained.

A
Figure III-6(a) is the temperature dependence of Lp in both
logarithmic scale. It tells us that the'spontaneous staggerea
magnetization of A subsystem Lg follows two exponential laws. In
the temperature range 2—_10—2 < g < 5-10—1, an exponent B = 0.23 +

0.01 which is in good agreement with the previous result 0.22 + 0.01

from NMR and neutron diffraction. While in the temperature range
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3

closer 7. i.e. for 3-10 ~ < g < 2-10—2, another exponent B = 0.31

+ 0.02 is found. It indicates a crossover effect at thé temperature
-2
Figure III-6(b) is the temperature dependence of n, which tells
us that the ratio LA/LB increases linearly with temperature as T - TN.
The ratio n estimated by using the previous neutron diffraction

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

by white circles, which are in good agreement with the present data.

III-2.3 Simultaneous measurement of susceptibility and spontaneous
magnetization by a SQUID magnetometer

The spontaneous magnetization MS and the susceptibility x of
MnF2H are very sensitive to the avplied field in the neighbourhood
of TN reflecting the non-linear characteristics of the corresponding
staggered quéntities. The essentials are therefore a perfect
compensation of residual DC field Hr including earth field and a
suppression of exciting AC field intensity h to a negligibly weak
level in order to.assure the linear response in susceptibiliﬁy
measurement. All the zero field measurements are thus made at
negligibly small . and h less than 5 mOe.l7) Necessary, a high
sensitive measurement is wanted and we used a SQUID magnetometer.

In order to obtain the spohtaﬁeous magnetization M, SO called
"field cooling method"” is applied. The magnitude of MS depends
usually on the cocoling field H_ but is constant in high field region
(Hc z 50 mOe for the present case). After decreasing this field
to a negligible value by a proper compensation, MS and x are measured

simultaneously with increasing temperature towards and accross Ty
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In important and noteworthy here is the simultaneous measurement

-

of MS and ¥ in a single run of increasing tempefature on a sane
single crystal. Because, the determination of critical exponent
depends strongly on the position of Ty especially in the immediate
neighbourhood of TN. Independent measurements of MS and ¥
necessitate independent determinations of TN for each case, which
may introduce some accidental or systematic errors due to a small
but non-negligible deviation of experimental conditions for these
measurenants.

It is confirmed by a separate observation of subsystem
susceptibilities Xua and Xg by NMR in IITI-2.1 that a very sharp
needle~like anomaly of y at TN comes from Xa and shows the divergent
nature of the staggered susceptibility Xgn - The contributions of

Xg and Y uA to the total susceptibility ¥ are not singular and a
rying-

slowly varving quantities with T around T So the temperature

N‘
depencdence of residuzl part Ay in the immediate neighbourhood of

TN shows just the singularity of Xen® It is also confirmed by a

separate determination of LA and LB by NMR in III-2.2 that LB is

proportional to LDX and the proportional constant is a slowly varying

guantity with T around TN. Sc the temperature dependence of Ms in
the immsdiate neighbourhood of Ty shows just the singularity of Tpe

Figure IXII-7 shows the temperature dependences of Ax and MS

in the neighbourhood of T These quantities are measured

N°®
simultarnesously as mzntioned above. The correspondence of the
temperzture scals Zor these quantities is quite exact. A divergent
anomaly happens at 7., = 3.686 XK. Correspondingly, MS is noticed

- - N

to diszcnear at the temperature as temperature increases. Fig.III-8(a)
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is the both logarithmic plot of Ay-e. It tells us that Xgp Follows
an exponential law with a critical index y = 1.74+ 0.1 down to the
temperature £ = 5-10—4, below which a rounding occurs. The result
is consistent with that in the early measurement except that the
rounding temperature ar'in the present case is much lower than tﬁe
previous one l~lO—3.l) So, we conclude that the apparent rounding
phenomena in the early measurement is attributed to the residual
field effect and not a crossover to any other universality‘class
at all.

Figure III-8(b) is the both logarithmic plot of Ms-s. It
tells us that LA follows an exponential law with a critical index
B =0.30 + 0.02 in the temperature range down to € = 5'10—4. It
is in good agreement with g = 0.31 + 0.02 obtained from recent MNMR
on the deuterated salt in the temperature range 3-10_3 el 2’10”2
as shown in Fig.III—G(a) for comparison. The present simultaneous
and careful measurement of MS and ¥ is in good agreement with the
previous independent measurements of these quantities by different
methods in the common temperature range, and tells us that the
critical index vy for the staggered susceptibility above T, is 1.74

N

+ 0.1 and B for the spontaneous staggered magnetization below TN

is 0.30 + 0.02 in the same temperature range 5'10_4_5 € §~l°10—2.

These vy and B are very close to the values for two different
universality classes i.e. 2d Ising and 3d Ising ones, respectively.
Such a characteristic critical phenomena asymmetric against Ty is

apparently inconsistent with the scaling law and the universality

in the conventional sense.
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§III-3. Discussion
As seen in §III-2, the present result revealed that the exponent
of spontaneous staggered magnetization of A subsystem is 0.30 + 0.02

in the immediate neighbourhood of T The value of B is in close

N.
agreement with that for 3d Ising model and not so much different
from those for 3d Heisenberg and 3d XY models. While another exponent

B = 0.23 in the temperature range a little far from T is different

N’
both from 2d Ising model and from any 3d model and quite intermediate.

The latter exponent 8 = 0.23 can hardly be taken as an apparent
value in the crossover temperature region from one for 34 Ising
model to the other for 2d Ising model because the anomaly at e* =
2~10—2 looks like a kink and the following LA—e plot is very linear
over a wide temperature range, as seen_in Fig.III-6(a). This
characteristic exponent is the same as that in CuFUD or CuF4D in
Chap.II. So;‘the origin of this characteristic exponent may be
regarded as the new universality class which is caused by 24
Heisenberg model with some weak symmetry breaking interactions.

While, the former exponent B = 0.30 seems to be reasonable
refering the observed 3d long range order below TN by previous

2)

neutron diffraction and to indicate that the ordering of A sub-
system proceeds in a 3d way. However, it is not simply the case
and the situation is quite puzzling as mentioned later.

The present result also reveals that the spontaneous

magnetization of B subsystem LB appears below T _ and that the growth

N
rate is proportional to that of LA with a coefficient which depends
linearly on temperature. Such a growing feature of LB is very

similar to the nuclear spin polarization process under the hyperfine
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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 1.4 kOe at a B

ion site, which is about 1 % 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 (%0.1~TN) far from T Looking

N.
back on the ideally paramagnetic behaviour of B subsystem above TN
mentioned in III-2.1, we strongly believe that B subsystem does
not give any essential contribution at all to the onset of phase

transition of A subsystem at T In other wards, the modification

N°
of inter-plane interaction by a paramagnetic ion could not affect
primarily on the phase transition of such a quasi 2d system. The
appearance of spontaneous magnetization of B subsystem is then
reasonably well understood by a resultant secondary effect.

As mentioned before, the critical index B = 0.30%of A subsystem
in the immediate neighbourhood of Ty is surprising as follows.
The exponent suggests that the most dominant purturbation on the
onset of phase transition of A subsystem is the inter-plane
interaction. According to the scaling law and the universality,lg)
which are well known to be two fundamental laws to describe the so
called second order phase transition, we expect that a critical
index for the susceptibility y should be 1.31 for 3d Ising model.
Early susceptibility measurement and the present one by SQUID,
however, gave vy = 1.74 for the staggered susceptibility of A sub-
system in the intermediate neighbourhood of TN' The above value

is close to 1.75 for 2d Ising model 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 established laws (scaling law and the universality)
Ising to 3d Ising universality classes into account. Then the
crossover temperature €* from 24 Ising to 34 Ising for Xg above TN
should be taken to be less than 5-10—4. While, e* for Ln below TN
is 2'10'-2 and roughly two order of magnitude larger than that for
Xg We can not have any special reason for such a large asymmetry
of crossover temperatures above and below Tleo far. Indeed, the
values of e€* for susceptibility and spontaneous magnetization have
been predicted to be theisame as reasonably acceptable. Besides,
outside the eg* = 2'10—2, we find an exponent B = 0.23, which is
quite different from 0.125 for 24 Ising universality class. Thus,
we can not explain the present characteristic facts simply by a
dimensionality crossover effect.

As mentioned above, the critical phenomena of MnF2H is quite
asymmetric and apparently inconsistent with the scaling law and the
universality in the conventional senge. The viewpoint from dimen-
sionality crossover can not be helpful at all for the characteristic
phenomena. Manganese ion has (3d)5 electronic configuration and
is in so called S-state with 8§ = 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
number, the main contribution to the anisotropy is dipole-dipole
interaction usually. 1In a single quadratic antiferromagnet, the
dipole anisotropy is of Ising-type and the direction is perpendicular

to the plane. A rather strong anisotropy of Ising-type perpendicular

to the plane in KzMan4) or szMnFule) would be explained by this
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interaction.

While, in MnF2H, the situation is different. The Ising-type
anisotropy by dipole-dipole interaction is. known here to be
compensated by another planer-type anisptropy even a little
excessively and can not be the main origin of the symmetry at all,
from the fact that the first and second easy directions below Ty
are nearly in the plane. The appearence of such a planer-type
anisotropy in A plans is attributéd to a slight distortion of the
octahedral crystal fi=ld symmetry by oxgen atoﬁs sorrounding a A
ion site. Then the Ising-type anisotropy in the plane wiil be
reduced to a weak asymmetry of the crystal.field within the A plane
and thus much weaker than the residual planer anisotropy. Besides,
this asymmetric crystal field should be inequivalent at two sub-
lattice points in the A plane, which will reduce the Ising-type
anisotropy in the plane to somé extent and instead produce an
antisymmetric interaction with anbinequivalence of g-tensors,
between the A ions at the two sublattice points. Indeed, -the
existence of very weak moment canting interactions in this salt,
as mentioned in §III-1, supports this speculation.

Such a situation in MnF2H that a multiple compensation of

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

anisotropy is remarkable and guite different from those in other

simple Heisenberg-like systems. The distinguishable critical
phenomena asymmetric against Ty might be attributable to this
characteristic situztion.

As mentioned in §III-1, the interplane interaction is decorated

by the paramagnetic ion. As seen in §III-2, it seems to suggest
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strongly that such decorating paramagnetic ions do not give any
essential contribution to the onset of phase transition of A sub-
system at Ty and that such a decoration does not modify at all.the
original natures of superexchange interaction formed by only non-
magnetic ions.

Actually, in many decorated 2d Ising systems, no essential
change of critical phenomena have been reported so far from those
of nondecorated simple systems. ﬁowever, a 2d Heisenberg system
does not order at all-by itself. Besides, the present décorating
ion is just on the intermediate of interplane interaction path
between such 2d Heisenberg planes, which is an essential symmetry
breaking purturbation. So such a modification might give a
remarkable influence on the phase transition and reveal some

characteristic feature which have never expected and never really

observed so far in any simple systems.
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Chapter IV. Orxdering of *n(HCOO):2-2H20 and !Mn(HCOO) 2-2D,0

under the field

IV.A. iMagnetic phase boundary
§IV.A-1. Introduction

One of the current problems in two-dimensional (2d) XY or
Heisenberg spin systems is in their attractive features of new type
of phase transition or ordered phase. A cfossover phenomenon of
spin dimensionality from the Heiséhberg (or XY) spin to the XY (or

Ising) spin in the external magnetic field has been expectedl)

2-4)

and
observed in real cuasi-1d antiferromagnets. The same phenomenon
has been predicted also in 24 systems. |
Recently, we have recognized that Mn (HCQOO) »+2H,0 (MnF2H)
is an excellent realization of 2d Heisenberg antiferromagnet and
we suppose that it may give us some possibilities of finding new
cooperative phenomenavmentioned above., A number of works have been
carried out on this compound because of the variety of interests.
Nevertheless, the magnetic phase diagram is not yet clear. The
purposes of the first half of this chapter is to establish the
fully mapped magnetic phase diagram in the external magnetic field
applied aléng the szin easy and hard axes, and to determine the
magnetic structure in various phases and the mechanisms of transitions
by the nmeasurements of proton NMR., In order to determine the phase
boundary, the heat capacity and the magnetic susceptibility were
méasured simultaneously in the superconducting magnet which could
generate the field u=p to 115 kOe. The intrinsic 2d Heisenberg or
XY behaviours observed in the field will be given in the latter

half of this chapter.
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§IV.A-2. Exverimental results of heat capacity and susceptibility
‘ . . : + . . '
IV.A-2.]1 The paramagnetic contribution of an ions on.the B-planes
. . 2+
Evidence for the paramagnetic behaviours of the Mn ions on

the B-~planes have been observed in various studies such as adiabatic

5) 6) 7)

susceptibility,S’ and

8)

demagnetization, neutron diffraction

magnetic heat capacity. In order to extract the contribution of

the 24 A-planes in a finite field, we shall present a procedure

-

for separating the paramagnetic contribution of the Mn2+ ions on
the B~planes from the observed phvsical quantities, taking the case
of magnetic heat capacity as an example. |

The overall behaviour of the magnetic heat caéacity of MnF2H

in zero field is shown in Fig.IV.A~1l against reduced temperature

0 .
T/TN (TN = 3,69 X).~ The Schottky anomaly CB at low temperatures

indicatsd by the broksn line corresponds to the paramagnetic
contributicn from the 2-planes. The 2d A-planes order at TN and
their magnetic corntrzisution C, appears mainly at higher temperatures
. : . , _. = . 2+

than 1 X (T/TN 2 0.3}.* In the field He’ the paramagnetic Mn

gives. a Schottky~-type heat capacity CB which can be expressed as

= 2. g
Cu(t)/R = (s t)"-BL(S t)

Bé(u) dBS(u)/du

2§;l)zcosech2(28+l

= - (

1,2 L2, u
—ig—u) + (§§) cosech (7§)’ (4.1)

—
with € = gy |H_|/k T and u = S-t, where R, S and Bg(u) are the gas

The lattice heat capacity C, of this sample is known to be

L
much smaller than the magnetic one (only less than 1 % of the
9,10,11)

magnetic heat capacity at T.) and is subtracted here.

N
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constant, the spin value of Mn2+ ions (S = 5/2) and the Brillouin
function, respectively. We can reproduce the observed heat capacity
at low temperatures by the use of eqg.(4.1l) (broken line in Fig.,IV.A-1)
with [ﬁ;] = 2.6 kOe (Elﬁll), although the detailed experimental
analysis down to the lowest temperature has been carried out in
ref.8. This implies that in zero field, the Mn2+ ions on the B=
planes are under the influence of an effective (local) field ﬁi at
low temperatures where the an+ ions on the A-planes are in ordered

5,8,11)

state. The origin of ﬁé has been discussed somewhere. The

—

value [Hl|
5)

adiabatic demagnetization experiment for an ions on the B-planes.”

= 2.6 kOe is consistent with that estimated from the

In a finite external field‘ﬁ, we can estimate CB from eq. (4.1) by

putting

. (4.2)

The temperature T, which gives the maximum value of the Schottky

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

guB|ﬁ;[/kBTm = 1.20 (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 maximum comes around
2.3 K. By subtracting CB from the total magnetic heat capacity in
this way, we can extract CA for the 2d A-planes. In Fig.IV.A-2,

the values of CA are plotted for H = 20 kOe applied along the spin
easy (b-)axis and the hard (a*-)axis. It should be remarked that
the heat capacity CA for H = 20 kOe exhibits quite a different

shape from that for H = 0 kOe (Fig.IV.A-1). The detailed discussion
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about the absolute values of CA and their variation in fields will
be given in the latter half of this chapter.
The temperature dependence of magnetic entropy for the 24 A=

planes can be evaluated by the relation
s (m/r = (Te, /r-mar. | (4.4)
A - (R N ' *

In carring out the integration in eq.(4.4), the experimental wvalues

of C, are used in the temperature range 1.0 < T < 8.0 X (see Fig.

IV.A-2), where we presums that almost all of SA(T) will be consumed.

For the higher temperztures in the paramagnetic state T > 8 K, we

may assume CA = bT . 2t lower temperatures T < 1 K, we tentatively

N

extrapolate CA as CA = aT2 as can be expected from 2d antiferro-

magnetic spin wave theory. Vie notice in Fig.IV.A-3 that the

3

ambiguity of SA(-) cdzrived under these assumption (indicated with
dotted line) is much smaller than the entropy change for 1.0 < T

s 8.0 K (éolid lirei. It can be saen that SA(T)/R seenms to reach
the theoretical value {(1/2)-1n{(2S + 1) for the 2d A—plahes as T » o,
It should be noted that about one half of magnetic entropy for the
A-planes still remains above TN, reflecting the two-dimensionality
of the system.'

In the same way as employed above, we can estimate the para-
magnetic contribution which may appear in other physical quantities“
such as susceptibility, Here we should note that the an+ ions on
the B-planes behave paramagnetically and do not exhibit any tendency‘
of phase transition in a finite field and in the present temperature

range.
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TV.A~-2.2 Determination of the magnetic phase boundary for the
two-dimensional A-planes
In zerxo field, the Mn2+ ions on the A-planes set into antiferro-
magnetic ordered state accompanying a small but sharp heat capacity

= 3,69 K (Fig.IV.A-1). The spin structure in the ordered
12)

peak at TN

phase is schematically drawn in Fig.IV.A-4, It takes the H-phase
in the range Ty > T > T_ = 1.7 K, where the magnetic moments are
almost along the easy ({b-)axis slightly canting towards the c-axis.
At T = T there occurs a spin axis reorientation which exhibits |
gquite a sharp heat capacity peak as in Fig.IV.A-1 (ath/TN = 0.46),
and below T < T the L-phase is realized.

In this section we will determine the T-H phase diagram of -
this 2d system for the field applied along the spin easy (b-)axis
and the hard (a*-)axis. The phase boundary concerning with the
spin axis red&ientation, which occurs in low fields H < 4 kOe, has

2)

been studiedl and only the results will be shown here (Figs.IV.A=
6 and 7). First we will mention about the results for H/ b-axis.
Figure IV.A-5 shows the field dependence of the magnetic heat
capacity in the vicinity of the Néel temée;ature TN(H). The small
but sharp peak at TN(O) = 3.69 K shifts towards low température
rather sensitively with increasing field, keeping and growing its
sharpnass. When H = 20 kOe, this peak appears at TN(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 rhase boundary curvesAbetween P & H, P & M, and
Z & M phases as in Figs.IV.A-6 and 7. In our susceptibility

measurement in the process of field sweep at a constant temperature

below TN(O)’ we can detect this boundary between M and 2 as in
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Fig.IV.A-8 (at H = 25 kOe; T = 1.51 K). This boundary coincides
with that determined from the independent measurement of

13) The phase transition which crosses this boundary

susceptibility.
may be of the first kind judging from the sharp heat capacity peak
like a delta-function. -

Turning back to Fig.IV.A-5, we note that another broad shoulder
begins to grow on the higher temperature side of the heat capacity
peak for the field hicher than 6.5 kOe. This broad maxiﬁum shifts
to the higher temperatures, separating from the sharp peak, with
increasing field. ¥%hen H = 20 kOe, this comes up around 3.95 K
with its cusp-like shape as in Fig.IV.A-2. For H > 40 kOe, this
heat capacity maximum turns to shift to lower temperatures as in
Fig.IV.A-9. We can obs2rve also the corresponding shift of the .
broad maximum in the susceptibility measurements as in Fig.IV.A-10.
The trace of these maximum points describes a phase boundary curve
between P and Z phases in Figs.IV.A-6 and 7. This boundary can be
detected by the susceptibility measurement in the process of field
sweep at a constant temperature as in Fig.IV.A-8 (at H = 100 + 5
kOe; T = 0.59 K). The constant susceptibility for H < 95 kOe in
Fig.IV.A-8 seems to correspond to the perpendicular éusceptibility.
For H > 100 kOe, the susceptibility falls down due to the paramagnetic
saturation. The phase boundary curve obtained just above ﬁay
correspond to the phase transition of the second kind, Ffom the
graphical estimation in Fig.IV.A-6, we expect the critical field
at T = 0 K to be Eg = 105 + 5 kOe.

In the same way as mentioned above, we can get the phase boundary

for the field applied along the hard (a*-~)axis. Figure IV.A-11
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shows the overall phase boundary determined by the measurements of
heat capacity (Fig.IV.A-12 and 13), and susceptibility (Fig.IV.A-14:
T-sweep, and Fig.IV.A-8: H-sweep). There is only one boundary in

this case, as it should be for H// hard axis of the usual aﬁtiferro—
magnet. It is a remarkable feature that TN(H) goes up with increasing
field up to 35 kOe (TN(H) = 1.10~TN(0)). From the graphical |
estimation in Fig.IV.A~1l, we expect the critical field at T = 0 K

+o be Hé = 105 + 5 kCe.

IV.A-2,3 Evaluation of the intranéyer exchange constant

Here wé estimate the magnitude of intra-layer exchange constant
|g] from the evaluated critical field Hg'and Hé. Assuming a twos=
sublattice antiferromagnet with anisotropy energy K (defined in
unit volume) ,* the critical field can be derived in the molecular

field approximation to be

H” = 2aM -
C

2R

(4.5)

e

respectively, with

4ZIJ|/NA(guB)2 ,

I

A

M

i

(M,/2) *quss

*) This assumption may not be prorver for the description of the

phase boundary for the lower fields. The most dominant value [J!,
however, can be evaluated regardless of the small anisotropy or

the canting interaction which mainly work for describing the phase

L

boundaries in much lower field Hénglor H
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where z and NA are the number of nearest neighbour spins and the
Avogadro's number, respectively. If we put our experimental wvalues
Hg/= H: =105 + 5 kOe in egs.(4.5) and (4.6), we get

|J|/kB = 0.35 + 0.02 (K),

K/M < 5 (kOe).
The estimated value |J|is in good agreement with that determined

from other experiments.g’lo’ll)

§IV.A-3. Experimental results of proton NMR and analysis
IV.A-3.1 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 M phase should
occur. The temperature dependence of the proton NMR line shift of
MnF2D under this field is shown in Fig.IV.A-15. The transition
temperatures between P and 7 and between Z and M determined 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 Brillouin function and shown in Fig.IV.A-15 by
the dotted line. It is understood to saturate towards T = 0 K
unlike Curie's law dependence (CH/T), 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
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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 external field (lb-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 shown in Fig.IV.A-17. The line shift by the staggered

moment appears below TN(H). It is shown that antiferromagnetic

axis in H phase is parallel to the b-axis from the doublet splitting

of proton NMR line, and consistent with the result from other

experiments.l4)
To sum up, 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 phases, spin structure change

suddenly, Which suggest the first order phase transition.

IV.A-3.2 Angular dependence pattern in Z and M & H phases
The’angular dependence patterns in a*b-plane were observed

for several temperatures. The pattern at T = 3,6 K under the field

of 10 kOe is shown in Fig.IV.A-18., It 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 field for at least b-axis. This pattern is 180°
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 paramagnetic B ions is of corse contained. Staggered
susceptibility X:f is selected 3.5 x lO_24 emu/ion as the parameter.,
The calculation curve is roughly agreement with the experimental
result (open circles). Especially near the b-axis there is hardly
descrepancy between them.

The pattern at T = 1.4 K under the field of 10 kOe is shown
in Fig.IV.A-19., It is found from the phase boundary (e.g. Fig.IV.
A—6,'7 and 9) that M phase is recognized for the b-axis and H phase
for the a*-axis at this temperature and field. There is a jump of
shift near 70° 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/l b-axis, it is understood qualitatively that the antiferromagnetic
axis in M 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.

IV.A-3.3 Field dependence of the direction of antiferromagnetic
axis in M phase
It is considered from the analysis in IV.A-3.2 that the anti-

ferromagnetic axis changes continuously by the field and temperature
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in M phase. The frequency dependence of resonance fields at 1.4 X
under thé field applied along b-axis is shown in Fig.IV:iA-20.

Solid line corresponds to the shift of free proton, and dotted

lines to the shift of proton No.5 and No.6 by the paramagnetic B
ions. The discrepancy between experimental result and dotted lines
is considered by the staggered moment of A subsystem. The magnitude
and direction of antiferromagnetic moment LA of A subsYstem,’Which

is calculated as the best fit, is shown in Fig.IV.A-21. ' The magnitude

the direction of antiferromagnetic moment

et
|-t
g
\]
3
[oN

decreases gfadua
rotates from d-axis (which inclines 30° to a*—-axis from c—axis)
towards a*-axis with increasing field. The direction of antiferro-
magnetic moment in M phase(-a*-axis) 1is opposite to that in»Z phase
(+a*-axis). The mechanism of ¥-Z phase transition 1is discussed

in next section.

§IV.A~4. Mechanism of »-Z phase transition
The origin of !I-Z phase transition whichiis like a reversal
of antiferromagnetic axis is certainly the existence of "paramagnetic”
B ions. Whether M or Z phase is realized is determined by the
rivalry of Dzyaroshinské-Moriya (D-1) interaction in A site and
Zeeman energy which contains the staggered field in A site by the

canting of B site ions.

i - -
We consider D~ interaction —2zd-(SAl x SAZ) as well as exchange
. 2 ——L nd » 3 ‘ 13
interaction 22{3““{SA1-SA2 and Zeeman energy. As the field in this

Zeeman energy, it should be considered besides the external field
itself the exchange field at A site which is caused by the saturated

B site through the exchange interaction between A and B site (JAB).
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B site is "paramagnetic" and turns to the external field above 1.4
kOe (exchange field between A and B site) but should slightly cants
because of the inequivalency of § tensor. Accordingly the exchange
field at A site acted by B site has staggered component 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. Schema is shown in Fig.

IV.A-22, where 7 is the parallel component of exchange field H

A A

which acts to A site from B site and opposite to the external field,
and HX is the perpendicular component and the staggered field. We

assume that Bl moment inclines to a*-axis. Owing to this staggered

component of H the moment of A. site is possible to turn to -a*

A’ 1

direction. 1In the lower external field, the canting of A site is
opposite to the external field because the D-M interaction is

most effective, assuming that g’vector is along near c-axis,

(cf. Fig.IV.A-22(a)). With increasing field Zeeman energy of
external field becomes larger than D-M interaction energy, and the
direction of canting changes towards the external field (cf. Fig.
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 Zeeman energy

of the staggered field caused by B site. As the result A, and A,

1
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 g

tensor is 4°, we get the M-Z transition field as 20 kOe, which
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agrees with the experimental result.

IV.B. Two-dimensional XY behaviours induced by the magnetic field
§IV.B-1. Introduction
Since the theoretical prediction of a possibility of field

induced crossover of spin symmetry in low-dimensional antiferro-

magnets,l’lS) several experimental and theoretical investigations

.5 - T . . g ' 2-4
have been carried out for real guasi-one-dimensional (1d) systems. )

We will extend the study on this spin symmetry crossover to a two=
dimensional (2d) system in this chapter, by making use of experimental

16)

results on Mn (HCOO) ,*22:0 in Chap.IV.A.

A phenomenological explanation of this crossover may be given

as follows. We originally consider a nearly isotropic Heisenberg
(or XY) antiferromagnet with the Hamiltonian such as
P - e Z W
L = -2 .S, - gu_HIST - .
AL 2J§_:S___Sj SHgHLS: /"%k, | (4.7)

L.

where J is the exchange constant between the nearest neighbour spins

Si and Sj, g is the g—-factor of the Spin, H is the external field
applied along the z-axis, and)lk stands for the small anisotropic

term which may be assumed here)#k = KE(SE)Z for instance (0 < K « |J|).
For an appropriate field H (<« [Jl/ng), a spin-flopped state is
realized and the free energy of the s&stem will decrease as —XLHZ/Z,
where~Z@ is the perpendicular susceptibility. In such a state,

the spins are almost on the XY plane. At the limit X » 0, the
application of an infinitesimally small H will lead the system to

the spin~flopped state. Under the circumstances, the thermal average

, . z Z.2
of the z-components of the spin <Si> and hence <Sisj> become much
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b 3 X
smaller than those of the transverse components suci as <Si> and

R X Z o] Z .7 0.0
; <8.>/<5.> . .S L = X .* Therefore
<Sisj>’ S5 / S;> > 0 and <SiSJ>/<SlSJ> -~ 0 (o X, Y) T ;

the Hamiltonian (4.7) may be reduced effectively to an XY system

1)

at low temperatures.

The increase of TN(H) has been studied experimentally and

2-4)

theoretically in quasi-1d compounds. These results are phenom—

enologically explained as follows. In quasi-1ld systems, the 3d

transition temperature T, is related with the spin correlation

-
- Yy

length ngld(T) along the chain as,

2\-, n
B™N NCIEA b

WA
-

it
0
n

€1 (Ty) - (4.8)

where Cn is a coefficient which depends on the spin dimensionality

1)

n and on the lattice, and J' is the inter-chain interaction. The

spin symmetry crossovar mentioned above acconpanies an elongation

n - . 3 2 1
T hich is kn e "&
of gld(i), which is known to b bld(T) < Eld(T) < Eld(T) for
a given value of kBT/iJ} («<1), where J is the intra-chain exchange
constant (n = 3, 2 and 1 correspond to the Heisenberg, XY and Ising

systems, respectively). This implies the crossover from the
Heisehberg (or XY) to the XY (or Ising) systems brings about the
enhancament of TJ(H) as can be expected by eqg.(4.8).

The next three conditions are necessary for inducing the spin
symmetry crossover; isotropic exchange intefactions, small anisotropy
energy (K) in the crystal (|K/J| << 1), and high degree of discrete
dimensionality ({J'/J] << 1, where J' and J are inter- and intra=
chain (or layer) int=ractions, respectively.);

In real 2d compounds, there has not been any experimental

evidence of the spin symmetry crossover except our experimental
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results on a 2d isotropic Heisenberg antiferromagnet MnF2H16) in

Chap.IV.A. Two experimental facts have been found there, which
might be attributed to the field induced crossover of the spin
symmetry: One is the anomalous increase of the Néel temperature
TN(H) and the other is the remarkable variation of the magnetic
heat capacity in the field. The aim of this chapter is to give
physical explanations to those experimental facts and to reveal

the 2d XY behaviours induced by the application of external field.
The discussion of the crossover phenomena in a 2d system will be
given for the first time in §IV.B-2 and §IV.B-3, concerning with
TN(H) of MnF2H and its magnetic heat capacity, respectively.
Especially in §IV.B-3, the absolute values of the heat capacity of
this field induced 2d XY system will be compared with the theéfetical
prediction for the plane rotator model to extract a 2d XY behaviour

including the critical temperature region.l7’18)

§IV.B-2. Field—inducéd increase of the Néel temperature TN(H)in
the 2d antiferromagnet MnF2H
In the usual antiferromagnets, it is usual that the Néel
temperature TN(H) decreases with increasing field H. Generally

TN(H) is expressed as
T (H) = T (0){1 - a(u/H_)?}P (4.9)
N N o r

where a and b are the constants which depend on models assumed,
and H_ is the critical field defined as H_ = 4z|J|/guB (z; number
7)

of the nearest neighbour spins).l In the low-dimensional systems,

however, this is not always the case and TN(H) can be enhanced as
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has been discussed in §IV,.B-1. Nevertheless, the increase of TN(H)
in a "2d" antiferromagnet has not been reported except aur recent
work on MnF2H16)(See Chap.IV.A). 1In this secﬁion, we will give a
qualitative explanation to this newly observed increase of TN(H)7
The an+ spins in the 24 magnetic system inanFZH are supposed
to be quite isotropic from the ESR experiment; the ratio ofvthe
longitudinal component of the g-factor to the transverse one is

18)  rhe anisotropy field in the crystal

is much less than the critical field HC = 105 kOe.lG) Moreover,

estimated g, /g, < 1.005.

the two-dimensionalizy of the system is of the order of |[J'/J] =

10_3.11)

These properties may satisfy the conditions for inducihg
the spin symmetry crossover as mentioned in §IV.B—1.

T-H phase diagrams for this 2d system in MnF2H determined from
the measurements 0I hzzt capacity (CD) and susceptibility (x') are

already shown in Fig.IV.2-6,7 and 11. The field is applied to the
a*-(spin hard) axis znd to the.b—(spin easy) axis(Fig.IV.A-4). It
should be remarked that, with increasing field along the a*-axis,
TN(H) initially increases and reaches TN(H) = l.lOTN(O) around H =
35 kOe. Then it turns to decrease down to T = 0 X at the estimated
critical field HC = 105 kOe. TWhen the field is increased along the

b-axis, TN(H) shifts down to the critical point at (T, = 3.62 X,

b
Hb = 3.8 kOe) just as a usual antiferromagnet to whose eésy axis
the field H is applied. However, once the value of H crosses over
Hb and the spins are flopped from the b-axis onto the a*-c plane,
TN(H) begins to increase and trace almost on the same boundary

6)

curve as that for H/‘/a*—axis.l These facts imply that, in the

process of increasing of TN(H), the thermal fluctuations of spins
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2long the field direction (z-axis) are suppressed by the field and
that the spin-spin correlations are effectively changing from the
Heisenberg type to the XY type by the reason mentioned in §IV.B-1.
In much higher field than 35 kOe the Zeeman term guBH<Si> may become
non-negligible, and hence the <S§S§> components are resumed.

From the analogous consideration to the case of gquasi-1ld system,
we can explain the increase of TN(H) of this quasi-2d isotropic
system as follows. Assuming the sﬁsceptibility of isolated layers
X2d(T) is known and 2z!J'| is the interacﬁion bétween the weakly

coupled layers, we can expressS the susceptibility x3d(T) of the

systen as,lg)
Xog (T)
X4 (T) - 23 ; . (4.10)
3d 1 - Xyq(®-22[T"[/gug
Then, the 3d-transition temperature TN will appear when
X5q (T BTV -22(3" [/quy = 1, (4.11)

just as in the case of quasi-1ld systems {a; x, ¥, 2 and B; x, v,

2-4,15)

z). The calculation of (T,HB) is difficult to carry out

Lo
X2d
even for the classical isotropic system. Our present data does

suggest that the behaviour of xgﬁ(T,HB) is essentially resemble to

that of Xid(T,HB

) in respect of the field dependence. Then, the
increase of TN(H)Cﬁn be explained also in terms of the elongated
spin correlation length Ezd(T) in the isolated layer, in the

1)

analogous way to the case of quasi-1ld systems. This implies that
the area (gZd(T))2 in which spins correlate together will be

enlarged by applving the external field.
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5IV.B-3. The 2d XY like‘behaviour reflected on the magnetic heat
capacity in the field (and Discussion)

A new type of phase transition or ordered phase has been
expected for the 2d XY system as well as for the 24 Héisenberg
system. It is rigorously proved that there can be no spontaneous
magnetization at a finite temperature for the isotropic Heisenberg

0)

and XY models.2 The magnetic-susceptibility, however, is pointed

out to have a possibiliity to diverge at a finite temperature in

2
these models.zl'z“) Th

0

heat capacity for a 24 XY system is
notoriously difficult to evaluate and is not clear up to now. The
calculation based on the Monte Carlo simulation for the plane rotator
model with n X n lattice sites (n < 100) is only one mile;tone that
gives a overall aspect of magnetic heat capacity at present.23’24)
Under the circumstances, we will focus here on the behaviour
of magnetic heat cavacity in the process of spin symmetry crossover
from the Helisenberg to the XY type, by making use of our recent

16)

experimental results on MnF2H. In zero field, the 2d magnetic

System of this compound orders antiferromagnetically at TN =3.69 K,
exhibiting a small but sharp heat capacity peak as in Fig.IV.B-1.
The absolute values ©f the magnetic heat capacity CA can be well
reproduced by the theoretical values evaluated from the high
temperature series expansion (HTE) for the 24 isotropic Heiseﬂberg

,25) down to the vicinity

26)

system with {Ji/kB = 0,34 XK and S = 5/2

of T _ as drawn with a solid line in Fig.IV.B-1. The small peak

N

at TN may be considesred to be due to the dimensional crossover from
the 2d system to the 34 system. As the external field is increased

along the a*-axis, the roundness of shoulder of the heat capacity
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Ca Mn(HCOQ),-2H,0

Fig.IV.B~1l. Iizgnetic heat capacity of the 2d isotropic
system irn 1In{HCOO) ,*2H,0 in zero field. The solid
curve is the theoretical results evaluated from the

HTE method Zor the 2d isotropic Heisenberg System.32)
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just above Ty begins to disappear and CA grows to give a symmetrical

behaviour, as in Fig.IV.A-12, which can not be reproduced by the
"HTE for %the Heisenberg model any more. As has been discussed in
§IV.B-2, the 2d spin system is supposed to be in an XY state when
H = 20 kOe. Therefore we have tried to compare the absolute values

of C, with the theoretical results for a 2d XY (plane rotator) model

23,24)

just mentioned above. The temperature axis 1s normalized in

Fig.IV.B-2 so that the experimental heat capacity peak appears at

kBT/JXy = 1,02, at which the theoratical results give the

corresponding peak.2 )

>

The parameter J*Y¥ is taken as in
Ho= ~31 cos (6,0, » (4.12)

where (¢i-¢j) is the angle between the nearest neighbouring i-th

and j-th rotators.* It is remarkable that the absolute values of

CA coincide with thecretical ones in the temperature range kBT/JXy

> 1,1,** QOne of th

)]
l 1o

mportant indication of the simulation is that

24)

the heat capacity exhibits a peak at kBT/Jxy = 1,02, In the

vicinity of kBT/JXy = 1.0, our data exhibit a Symmetrical behaviour
and are apparently lager than the theoretical estimations. It
should be remembered here that the 3d XY system gives a logarithmical

25)

divergence of the heat capacity at the critical point. Therefore,

*) When H = 20 kOe, the experimental heat capacity peak appears at
TN(H) = 3.90 K. If we reduce JY = 2|J|s(s+1) for the present system,
lJI/kB = 0,22 K is Zarived as an "effective"” interaction in the field.
**)  The presenﬁ system is antiferromagnetic (J < 0). However, the
results of the simulation (JXy > 0) can be available to compare

5)

with the present data of the heat capacity.2
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Fig.IV.B-2. Magnetic heat capacity of the 2d system in Mn(HCOO),'2H,0 in the field

(H = 20 kOe) applied along the a*-axis, which is compared with the theoretical

results evaluated from the Monte Carlo method for the 2d rotator model.

AT



v

it may be possible for this 2d system to undergo a dimensional
crossover from the 2d XY system to the 3d XY system as the‘temperature
comes down to approach the critical point, giving larger values of
heat capacity than those obtained from the simulations. -in the
temperature range kBT/JXy < 1, the experimental results do not agree
with the theoretical ones. Especially at low temperatures, the
theoretical values seem.to converge at a constant value whicﬂ may
be inherent to the rotator model. It would be also unreasdnablé to
treat Mn2+ spins as rotators down to the lowest temperatures.

When the field & = 20 kOe is applied along the b-(easy) axis,

we can expect the XY beshaviour as well, because of the same reason

as discussed in §IV.B3-2. The absolute values of CA are shown in

Fig.IV.B-3, which are nearly the same as those for Hjja*-axis except
the values in the vicinity of the critical region and the sharp

R <Y B Ca . 16)
peak at kgé/J = 0.7 which is not interesting at present. In
this direction of th=s fielid, th= spins can not be free from the

canting interaction which inducss an additidnal staggered field
Hy o (x H*|D/J]; 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 around TN(H) just as the roundness

of the heat capacity of a ferromagnet around its critical temperature

region in the external field.4)

Standing on the same theoretical treatment by the Monte Carlo
method, we may expect a divergence of the staggered suscéptibility

at a temperature below kBT/ny = 1.02.24)

The temperature dependence
of the induced staggered moment under the field H = 10 kOe aiong

the b-(easy) axis is proportional to the staggered susceptibility
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Fig.IV.B-3, Magnetic heat capacity of the 2d system in Mn(HCOO) ,+2H,0

in the field (H = 20 kOe) applied along the b~axis, which 1s compared

with the same theoretical values as in Fig,IV,B-2,

AT



v

except the vicinity of TM(H) in Fig.IV.A-15. This result may be

compared with the theory of Xosterlitz and Thouless.zz)'

28)

According to Kosterlitz, the susceptibility x is divergent

towards T with the formula

KT
W (T) = Rexp(2.625-t"1/2) (4.13)
where t = (T - TKT)/TK" Some simulation results. suggest that TKT
29,30,31)

almost certainly lies between kBT/ny = 0.85 and 0.95.

We tried to compars ou

0]

xperimental result with above equation
1/2

K

putting T = TN(H) 3.74 K. This is shown in the 1lny vs t

KT
plot in Fig.IV.B-4 by the open triangles. Apparently, fitting is
very poor. Much better fitting over a wide range of temperature
(3.79 ~ 4,2 K) is obtained if putting Typ = 3.5 K. If the maximum
temperature of heat capacity is at kBT/JXY = 1.02 (TN(H) = 3.74 K),
this fact indicates that the susceptibility diverges at kBT/Jxy =
0.95, which may not be inconsistent with the theoretical prediction.
The 2d XY magnetic systems are rarely exist. The compdund
K,CuF, is a 2d Heisenberg 'ferromagnet' with a small XY character
{1 ). Nevertheless, it can derive a 2d XY behaviour in the
susceptibility which is subject to the Kosterlitz—Thouless

2)

prediction,3 though the experimental correction for the intrinsic
quantity seems to be difficult. Taking these facts into account,
we can say our present system may be a typical 24 'antiferrdmagnetic'

XY system for which the characteristic increase of TN(H) and magnetic

heat capacity have besen newly studied.
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Fig.IV.B-4, 1lny vs t plot, ——-A-- is for 7T = TN(H) = 3.74 K.

KT
under ¥ = 13 kOe. —A— 1is for TKT = 3.50 XK and the

theoretical curve of Kosterlitz and Thouless.
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Chapter V. Ordering of ln .Zzn_(HCOO) 2+2H,0 and Mnl_XZn HCOO0) 2 -2D20
Pt PaS

1- x(

- Randomly diluted 2d Heisenberg system -

§V-1. Introduction
| As the one example of the ordering of two~dimensional (2d)
Heisenberg system with a small perturbation, the random dilution
effect by thé non-magnetic ions .is investigated. In random system,
the physical propertises which can ‘not be appeared in regular system
would be expected to be closed up. As the example of random diluted
system, Mnl_XZnX(HCOO)z-ZHzO and Mn

examined in this chapter.

l_xan(HCOO)z'ZDZO would be

Recently many experimental and theoretical works have been

1-5)

made on various random systems like spin glasses ;, mixtures of

ferro- and antiferromagnets6_8)

and so on. A general character of
random system is the spacial inhomogenety of cooperativity such as
the magnitude and/or the direction of local field, the connectivity

to the neighbours and so on, which results in a successive character

of ordering process from the initial local to the final unified

long range order.g-ll)

An interesting svstem is a random diluted quasi 24 magnet,
in which a furcation of a phase transition into successive ones

may occur on account of the special lattice structure from the

. . c e ss 11)

viewpolint of coopsrativity.
Actually in H:,_XZnX(HCOO)Z-ZHZO (MnZnF2H), a divergent

singularity of suscaztibility at TN in Mn(HCOO) ;*2H,0 (MnFZH)lZ)

has been found to Zurcate systematically with x into two successive

ones at T and T 13)

o1 59 NMR experiment in this chapter shows that
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the phase below T is an ordered state with the same configuration

p2

as the pure system below TL

y+ Here, we report a new finding of

another anomaly of susceptibility at a temperature TO near and above

TDl using a SQUID magnetometer. And this anomaly at Ty is confirmed

Y

by the measurement of heat capacity. Then we investigate neutron

diffraction to get the information for spin correlations.

§V-2. Experimental results and analysis
V-2.1 Susceptibility and spontaneous magnetization

The susceptibility and spontaneous magnetization were measured
accuracy using.a SQUID magnetometer_in the same way as MnF2H in
§III-2.3. Figure V-1(a) is an example (x = 0.011) of the temperature

dependence of Xp in a negligibly weak external field H, (< 3 mOe)

0

along the b—axis. Ths psak height at T, of susceptibility is much

0

weaker than those at T_1 and TDZ’ which is the reason why the first

anomaly has not long be

]

n detected by a conventional Hartshorn

bridge method. Figure V-1(b) and (c) are the temperature dependences
of X and spon;aneous magnetization Mz along the c—axis measured
simultaneously. The spontaneous magnetization is obtained by a so
called "field cooling method" which is usually applied-to ferro-
magnets. This method is already mentioned in §III-2.3. It is
noticed that Mz decreases in three steps as temperatﬁre increases
corresponding to the three anomalies of susceptibility, and also
that Mi disappears around T, and not at T

0 pl

As seen in the figure, the anomalies

although the magnitude

sove T

v

is extremely small b1’

of X at T and TD are much weaker than those of Xy, showing a

pl 2

strong anisotropy. Wwhile the anomaly of Xe at T, is not much

0
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X= 0.0l -

(arbitrary units)

365

ig.V-1. Terzerature dependences of the susceptibilities

(a) x,, (®) %, and (c) spontaneous magnetization MZ of

Mn Zn_ (HCOO)2°2H,0, x = 0.011.
1-x x

for Mz is 120 mOe.
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different from that of Xy, * The temperature T, is found to change

0

systematically with concentration x and tends to Ty for 'x -~ 0 as

shown in Fig.V-2. For the concentration x > 0.05, the anomaly of

susceptibility at T0 is broad out, although the anomalies at Tpl

and T are still sharp enough.

p2

From these facts, T, should be taken as the transition

0

temperature from the paramagnetic into an ordered state. Then,

the very weak susceptibility anomaly at T, suggests that the

0

correlation is not extsnded infinitely at'T0 but limitted in a

finite area.

V-2.2 Heat capacity

Heat capacity for the single crystal of Mn XZnXFZH were

l_.
measured. FigureV-3 is an example of temperature dependenée of

heat capacity for ths case of x = 0,011. There are th:ee anomalies,
of which temperatures agree with those of susceptibility peaks.

This experimental results convince the fact that three anomaly
temperatures correspond to the three phase transition points. For
the concentration x > 0.10, the double peak of susceptibility at

Tpl and Tp2 are still sharp enough but heat capacity has only double
humps. The substances of these threg phases and the mechanisms of

this successive transitions will be examined by proton MMR and

neutron diffraction in V-2.3 and in V-2.4, respectively.

V-2.3 Proton NMR
The NMR signals were observed for the proton No.5 and No.6 in

the diluted salt below T An example of the line profile at 2.0 K

p2°
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Fig.Vv~3. Temperature dependence of (b) heat capacity
for the case of x = 0,011, with comparison of that

of (a) susceptibility for the same concentration x.
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in the external field of 50 Oe is shown in Fig.V-4({(a) and compared
with that for the pure salt (b). For both protons No.5-and No.6,

the line width for the diluted 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 salt depend strongly on the external static field

Hy- The former increases and the latter decreases as increasing
HO. Such characteristics of line profiles are due to the inhomo-
geneous broadening, which indicates a static distribution of local

field at proton sits in the dilute salt.

The signal intensities for both protons No;5 and No.6 depend
also on temperature. These decreases as temperature increases and
especially rapidly near Tp2. While, any rapid increase of line
width is not apparently noticed towards sz.

To check  the difference or the equality of the dipole sum
tensor at proton sitzs of No.5 and No.6 by the deuteration, the
angular dependence pattern in ac-plane at T = 8.0 K > TN or TO was
examined for both dilute and pure salts under the external field
of 4.7 kOe. The pattern for the dilute salt is shown in Fig.V-5(a)
and compared with that for the pure salt in (b). There is almost
no discrepancy between them. This fact indicates thét the dipole
sum tensor for the dilute salt is nearly equal to that for the pure
salt.

To identify the spin structure in the state below T the

p2’
patterns or the depszndences of MNMR frequencies on the external
field direction against the crystal axis of protons No.5 and WNo.6

are examined at T = 2.0 K and HO = 50 Oe. The results are collected
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Fig.V-4. (a) Lire orofile of NMR signals for the proton No.5 of
Mnl_XZnXFZD {(x = 0.04) at.2.0 K in the external field of 50 Oe.

(b) That for the pure salt under the same condition.
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in upper side of Fig.V-6(a) and (b) and compared with those for
the pure salt in lower side of the same figure, respectively. No
essential difference is found between the pétterns for the dilute
and the pure salts, from which the spin structureé for these salts
are éoncluded to be guite the same as each other at least in the
skelton. While, as for the spin structure in the state between
Tpl and Tp2, no imformation is avairable from proton NMR even in
the skelton, because no NMR signaf can be detected at all in this
temperature region.

To look after the growing feature of spontaneous local moment
of both A and B ions, respectively, the temperature dependences of
the resonance frequencies of proton No.5 and No.6 at zero field

were examined. The results are collected in Fig.V-7(b). The
susceptibility of the very sample is shown in Fig.V-7(a) for a
comparison. In regular system, each local ionic moment is taken
usually proportional to the sublattice magnetization to which each
ion belongs. In random system, such a relation would not be
applicable in general. However, in the present case, the spin
structure for the dilute salt is the same as that for the pure salt
in the skelton. So, we expect the proportionality relation between
the local moment and the sublattice magnetization and use it in
the same analysis in Chap.III (§I1I-2.2).

As the results, the resonance frequencies of proton No.5 and
No.6; Wg and we ars expressed just the same as the case of pure

salt as a function ©f only the magnitudes of'[LA} and ]LBI as

M

w, = |L,i*T.(n), (L = 5,6) (5.1) (3.11)

2,
Fa 1

where n is the ratio prl/lLBl and Fi is a function of only n.
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Thus, we get ]LAI and n by applying eqg.{5.1) to the experimental
data in £ig.v-7(b). The obtained temperature dependences of lLAI
and n are collected in Fig.V-8(b) and V-9 (b) and compared with
those for the pure salt in Fig.V-8(a) and V-9 (a), respectively.
The temperature dependences of ]LAI for the dilute and the pure

salts are almost the same, if the critical temperature for the

The behaviours

former is taken as T as seen in the figure or as T

pl 0°
of n for these salts are also similar to each other except very
near sz and show a Curie~Weiss's law. As temperature approaches

to T however, n for the dilute salt increases rapidly indicating

p2’

a divergent character,

V-2.4 ©Neutron diffraction

The development oI intra-plan=s spin correlation in the anti-
ferromagnetically coup_;d (100) planes is directly confirmed by a
Bragg ridge along ths {100) direction. The line profiles for the’
cross section of the ridge at various temperatures are summarlized
in Fig.V—lO. The temperature dependence of the peak intensity Ir
of the ridge is shown in Fig.V-11(b). The intensity I reaches
the maximum around T, and almost constant between T, and T It

"0 0 pl”

decreases monotonously below Tpl and no anomaly is noticed around

T .. The témperature dependence of the line width of the Bragg

p2
ridge was roughly examined and is shown in Fig.V~12(b). The line
width is narrowest around TO‘ The half intenéity width is however,
larger than those for nuclear Bragg reflection or for the (001)
magnetic Bragg poin£ reflection far below sz which is shown as

the resolution width in Fig.V-12(b), directly indicating that the
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intra-2lane corralation is not extended to infinity.

The (001) Bragg point reflection intensity Ip was Qqbserved,
to see the growing feature of 3d order parameter. Figure V-11(a)
is the temperature dependence of Ip. A remarkable is that ip does
not start to grow up at T0 but at Tpl' which indicates that the
transition at Ty and the intermediate state between Ty and Tpl are
of a 2d system. While, the-transition at Tpl is that from the 2a&
into a 34 ordered state. The grogth rate of Ip’ however, is élmost

linear at T and chzangaes appreciably around T The line profile

pl p2°
for the (00l1) Bragg reilection was examined in detail and is shown
in Fig.V-12(a). The width gets gradually narrow as temperature
decreases and at 2.0 X (T ~ O.7'Tp2) it is almost the same as that
for nuclear Bragg raflection showing the perfect 3d long range
order at the temperzturs. Any arpreciable change, however, is

observed around T

e
(%]

The (101) Bragg raflection intensity was also observed. It

2

is known that the (001) intensity is proportional to (L, - LB)

A

and the (101) is to (LA + L )2. The proportional constants are

B
determined from the resolution function{ As the result we can get
the magnitude of staggered moment of A and B site, LA and LB or LA
and n. The temperature dependences of LA and n by the experiment
of neutron diffraction are shown in Fig.v-8(c) and V-9(c),
respectively. However, this estimation is rather unreliable above
about 3 X that is below € = lO_l because of the gradual change of
half intensity width as shown in Fig.V-12(a). The temperature
dependence of n is similar to that by NMR experiﬁent. And the
critical index B of L, is the same as that by NMR experiment except

A

152



very vicinity of the critical point Tp2.

The line profile of the Bragg ridge for Tpl < T < ﬁo and that

of Bragg point for sz < T < Tpl are shown in Fig.V-13(a) and (b),
respectively. Both of these widths are greater than the reaolution
widths. As the results, both the intra-plane correlation length

for TDl < T < TO and the inter-plane correlation length for sz <

pl are not infinitely long.. The 2d long range order for Tpl'

< T < T, and 3d 1. r. o. for 7T <T <T are both imperfect and
0 p2 pl

the perfect 3d 1. r. o. is realized far below T

T < T

p2°

§V-3. Discussion

,.l.

n §V-2.1, the transition at T0 is that from the

paramagnetic into an crdered state with a small but finite spontaneous

As mentioned

magnetization. From tha results in §V-2.4, the transition at To

Ta betwaen TO and Tpl are concluded to be

T —

b

(F
[]

and the intermediat

0]
w0

line width for the Bragg ridge around

0,

a 2d system. The

(b

n

T0 is about twice as large as that for nuclear Bragg reflection.
The correlation length is thus limited to a finite value even at
TO. The absence of inter-plane correl;tion between TO and Tpl is
attributable to the finite correlation length in each plane at T

1)

0

. . . 1
as shown by a simple free energy consideration and may be one

of some features of guasi 2d random system.

As mentioned in 3v-2.4, the transition at T is that from the

pl

imperfect 2d 1. r. o. into a imperfect 3d ordered state. A charac-

teristic fact is the slow (almost linear) growth rate of Ip at Tpl'

It is essentially different from those for the pure system of x = 0

r Tc where Ip changes with

and other regular systems at TN o
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temperature as (T_ - T) and § is the critical index of magnstization.

The transition at sz is that into another 3d ordered state
which is guite the same state as in the pure system below TN as
mentioned in §V-2.3. From the descreate change of Ip at TP2 and
strong anisotropy of susceptibility peak at sz, a spin reorientation
type transition may be suspected to occur at the temperature. But

no experimental evidence is obtained by searching various many
reflections which can detect the §robable reorientation.. The
possibility is therefore completely ruled out. The origin of the
transition at Tp2 is not clear at present but may be a ordering

of "paramagnetic" B ions.
g

It may be attributable to the characteristic inter-plane

1)

structure of MnFZ: ; in which nmutually independent paramagnetic

ions are sandwichad Zetween the adjacent antiferromagnetic planes.

ot

Since the inter-plans correlation is just brought through the

. . . . . A . .
paramagnetic ion, Tz 1lntermediary Mn ion (B site) is a good

"observer" of the inter-plane corr=lation.
It is certainly considered from the results of neutron diffraction
that Tpl is the temperature of the onset of 3d long range order.

Because the Bragg point intensity begins to grow below T As

pl-
seen in §V-2.3 and 2.4, most of B ions is considered to order at

sz in the internal field produced by ordered A ions. Then, what

is happen at TO ? It is suspected that "pre-ordered phase" is

realized at TO in this system before the occurence of the long

range order at T Je consider that this "pre-ordered phase" may

pl’

appear generally in random systems.
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Appendix

—_ Phase diagram for Cu(HECOQO),+-2E,0°*2CO(MNH,), ——

The field sweep charts of differential susceptibility (v =
10 MHz) along a*-axis are shown for the various reduced temperatures
T/TN in Fig.VI-1l. These peaks correspond to the phase transition
from 4 sub-lattice to 2 sub-lattice structure. Tracing down the
shift of this peak on the T-H plaﬁé, we get phase boundary curve
between 4 sub- and 2 sudb-lattice structure as in Fig.VI-2. The
peak of susceptibilitv becomes gradually broad as the temperafurer
decreases., However the vertical axis is scaled in arbitrary units
concerning zero point. Various charts are gathered for the guide
to eye. The temperature sweep charts'of susceptibility under the
various external fields along the a*—axis arevgathered in Fig.VI-3.
The sharp peak at TN(O) = 15,5 X shifts towards lower temperature
side rather sensitivaliy with.increasing field. This boundary
coincides with that determined from the field sweep measurement of
susceptibility.

In Fig.VI-3, we note that another broad shoulder begins to
grow on the higher temperature side of the susceptibility peak.
This broad maximum shifts to the higher temperaturés, separating
from the sharp peak, with increasing field. This broad maximum
becomes broad out under the field larger than about 1 kOe. The
trace of these maximum points describes a phase‘boundary curve
between 2 sub-lattics and paramagnetic phases in Fig.VI-2 as is
shown below.

In the same way as mentioned above, we can get the phase
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poundary for the field applied along the c-axis. Figure VI-4(a)
shows the phase boundary up to 12 kOe determined by the .measurements
of susceptibility. This phase diagram is similar with that for
H/sa*-axis. The temperature dependence of the line shift of proton
NMR is shown in Fig.VI-4(b). There are two transition points.

These experimental results are consistent with the fact that 4 sub¥
lattice structure in which spins are anti—paréllel to nearly c-axis
is realized below 8 X and 2 sub—lgttice structure in which spins

are anti-parallel to =-(L;-)axis between 8 K and 16 K.

The field dependsnce of NMR line shift below the transition
field (about 2 kOe) is shown in Fig.VI-5. The experimental data
are shown with open circles and calculated points are with closed
circles. This calculation was performed with the variables of 4
24) and 2 sub-lattice moment
towards y—axis My . The field devendences of M(z) ;4)

y
shown in Fig.VI-6(z};. The change of the vector of magnetization

sub-lattice moment towzrds z-axis M

and M are

—
M is shown in Fig.Vi-6{(b). The transversal axis indicates Méq‘)/Mf

2+

and longitudinal axis M;Z)/Mf, where M, is the full moment of Cu

£
ion. Dotted line shows the circle with constant [M| = 0.7-IM.
It is shown that the sublattice moment becomes larger with the

appearance of 2 sub-lattice moment and approaches the theoretical

value.
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