|

) <

The University of Osaka
Institutional Knowledge Archive

Tl e HIGH FIELD MAGNETISM OF THE HALDANE-GAP
MATERIALS AND BIOLOGICAL SYSTEMS

Author(s) |Takeuchi, Tetsuya

Citation |KFRKZ, 1992, HIHwX

Version Type|VoR

URL https://doi.org/10.11501/3063571

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



HIGH FIELD MAGNETISM OF THE HALDANE-GAP MATERIALS

AND BIOLOGICAL SYSTEMS

by Tetsuya TAKEUCHI

DISSERTATION IN PHYSICS

ar
i1
w

$l

THE OSAKA UNIVERSITY
GRADUATE SCHOOL OF SCIENCE

TOYONAKA, OSAKA



HIGH FIELD MAGNETISM OF THE HALDANE-GAP MATERIALS

AND BIOLOGICAL SYSTEMS

by

Tetsuya TAKEUCHI

DISSERTATION IN PHYSICS
THE OSAKA UNIVERSITY

GRADUATE SCHOOL OF SCIENCE

TOYONAKA, OSAKA

AUGUST, 1992



CONTENTS

Part I: HIGH FIELD MAGNETIZATION OF THE HALDANE-GAP MATERIALS

page

Abstract 1
1. Introduction . 3
2. Experimental procedures

2-1 Samples 7

2-2 Magnetization measurements 9

2-3 Magnetic susceptibility measurements _ 14
3. Crystal structures

3-1 NENP and NINO 16

3-2 TMNIN 18

3-3 NINAZ 20
4. Magnetic properties

4-1 Magnetic properties of NENP and NINO 22

4-2 Magnetic properties of TMNIN and NINAZ 27
5. Experimental results and discussions |

5-1 High field magnetization of NENP and NINO 31

5-2 High field magnetization of TMNIN and NINAZ 45
6. Conclusion 53
REFERENCES 55

-ii-



Part II: EXTENSION OF THE HIGH FIELD MAGNETISM TO THE BIOLOGICAL

SYSTEMS
page
Abstract N : 58
1. Introduction 59
2. Theory 61
3. Experimental procedures ’ 67

4. Polymerization of fibrinogen in high magnetic fields
4-1 Structure of fibrin fiber and sample preparation 69
4-3 Experimental results and discussion 73

5. Blood cells in high magnetic fields

5-1 Materials and experiments 84
5-2 Magnetic orientation of red blood cells 89
5-1 Magnetic orientation of blood platelets 99
6. Corniclusion 107
REFERENCES 109
ACKNOWLEDGEMENTS ' 111

-iii-



PART I

HIGH FIELD MAGNETIZATION OF THE HALDANE-GAP MATERIALS

ABSTRACT

Magnetizatibn‘measurements have been performed on the
Haldane gap materials NENP: Ni(CzH8N2)2N02(ClO4), NINO:
Ni(CgHjgNy)oNOo(C1l0,), TMNIN: (CHz)4NNi(NO,)3, and NINAZ:
Ni(CgH;gNy)oN3(Cl0,) by a pulsed high magnetic field. Single
crystal samples of NENP and NINO exhibit clear evidence of the
existence of the Haldane gap. No magnetization appears up to 10
Tesla (T) reflecting the existence of the Haldane gap and
linear magnetization appears in both compounds above this field.
The observed anisotropy of the transition field is explained by
the Haldane gap energy Eg and the orthorhombic crystalline field
constants D and E in the lowest excited triplet. The parameters
are estimated as Eg=16.8 K,.D=-16.1 K, and E=-1.3 K for NENP and
Eg=14.2 K, D=-11.5 K, and E=2.1 K for NINO.

Powdered sample of TMNIN shows a typical magnetization pro-
file of the Haldane material with the gap energy of 4.1 K. The
Haldane gap vanishes around 2.7 T and magnetic saturation is
obtained above 30 T. This magnetization process of S=1 linear
chain Heisenberg antiferromagnet is observed for the first time
in this compounds. In NINAZ, the Haldane gap disappears at
around 30 T reflecting a large gap energy with the magnitude of

44.3 K. The relation of +the Haldane gap energy E, and the

g
intrachain exchange energy J is obtained from these experiments



to be Eg=(0.3 + 0.05)|J] which is close to the theoretical value

of EL,=0.41]|J].

g



1. Introduction

There has been an increasing interest in the spin wave
energy spectrum of the one-dimensional Heisenberg antiferromag-
net. In 1983, Haldane predicted that the one-dimsnsional Heisen-
berg antiferromagnet with integer spin value has an energy gap
between the singlet ground state and the first excited one while
the system with a half-integer spin value has no energy gap.l)

In the spin 1/2 case, the eiéen state energy was calculated
exactly by Bethe using so-called the Bethe ansatz method.z) NO
energy gap exists above the ground state. Magnetization and
susceptibility curves have been calculated by Bonner and Fisher3)
and corresponding much experimental work has been done. The
one-dimensional Heisenberg antiferromagnet system has been be-
lieved to have no energy gap irrespective of the spin value.

The prediction by Haldane is now well supported theoretical-
ly by numerical calculations and exactly solvable model.4-12)
The value of this energy gap Eg in one-dimensional Heisenberg
antiferromagnet with S=1 with following exchange Hamiltonian:

H=-J I $5Sj41, (1)
has been estimated numerically by Monte Carlo method to be

E.=0.41|3|.7)

g

The presence of the uniaxial anisotropy (DSZZ) is inevitable
for Sz1 systems. Furthermore, the interchain exchange interac-
tion (J') always exist in real materials. Botet et al.®) have

done a finite-size-scaling study of the S=1 one-dimensional



Heisenberg antiferromagnet with D-term. The lowest excited
state they considered is triplet, which corresponds to an excita-
tion with total spin 1 from the ground state. The excited tri-
plet splits into a doublet and a singlet due to the D-term.
An effect of single ion anisotropy term DSZ2 on the Haldane gap
has been considered ana it has been shown that the Haldane gap
exist for -0.29<D/|J|<0.93. Moreover, Haldane gap is also
stable when the interchain exchange interaction is small.ll)

CsNiCljz was first tried to observe the Haldane gap. Buyers
et al.13) and steiner et al.l4) have done neutron scattering
measurements in the short-range-ordered phase above the Néel
temperature of Ty=4.9 K. By using the parameters of the spin
Hamiltonian obtained from the neutron scattering measurement,
these author concluded that the energy gap observed above Ty
cannot be explained by the single ion anisotropy. Then they
suggest that their experimental results support the existence of
the Haldane gap. However, the interchain exchange interaction
J' is not negligible in comparison with the intrachain exchange
interaction J in this compound (J'/J=1.7X1O’2) so that it is
difficult to observe the ideal Haldane state at enough low
temperature. Thus CsNiClj is not an ideal system as a test
sample for the Haldane's conjecture.

Renard et al. have found several organic compounds which

contain Ni2+

chains and have done susceptibilitylS'lG) and neu-
i n15,16,17) ;

tron scattering measurements on single crystal samples

NENP and NINO with the chemical formulas Ni(CzHBNz)zNOZ(ClO4) and

Ni(CgHygNy),NO,(Cl0y4), respectively. These compounds show no



long-range magnetic order down to 0.5 K reflecting negligible
interchain exchange interaction and regarded as suitable materi-
als for testing the Haldane gap.

The electron spin resonance (ESR) measurement in pulsed high
magnetic field on both compounds was done by Date and Kindol8)
and they found the resonance between the sub-levels of the excit-
ed'triplet. Their data were satisfactorily explained by intro-
ducing a model that the first excited triplet is described by a
localized two-spin-bound state wifh the resultant spin S=1. The
observed angular and temperature dependencies of the resonance
lines are explained by a truncated effective spin Hamiltonian for

the two-spin-bound state written by
H= 2 _ 2 _ 2
=gugSH + D(S, S(S+1)/3) + E(S4 SY ), (2)

where the last term describes the orthorhombic anisotropy in the
plane perpendicular to the chain.

In these circumstances, experiments on one-dimensional
Heisenberg antiferromagnet systems with S=1 are clearly needed.
In particular, +the behavior of these systems in the external
magnetic field is very interesting, since the field-induced
guenching of the Haldane gap is expected. This paper describes
the result of high field magnetization measurements on single
crystal samples NENP and NINO. Recently, new Haldane gap mate-
rials TMNIN and NINAZ have been found by Renard et al.. The high
field magnetization measurements have been also done for -these
materials. The whole magnetization process have been observed

in powdered sample of TMNIN and a large Haldane gap was obtained



in NINAZ. The comparison of these results with the theory are

also reported in this paper.



2. Experimental procedures
2-1 Samples

Single crystal samples used in this experiments are prepared
by following methods. NENP is prepared by mixing stoichiomet-
ric amounts of Ni(C,HgN,)(H50),(Cl04), and NaNO, in agqueous solu-
tions. Stoichiometric mixture of Ni(ClO4)Z6H20, 1,3-propane-
diamine and NaNO, is used as starting materials for NINO. Well-
shaped red single crystals are obtained by slow evaporation. The
single crystals of NENP and NINO show strong cleavage and usually
grow up in the shape as shown in Fig. 1. It is noticed that the
cleavage plane is parallel to ab-plane in NENP but it is bc-plane
in NINO. Directions of crystal axes are carefully determined by
X-ray analysis.

The powdered sample of TMNIN used in the present experiment
is prepared by following method.lg) Fawn compound
(CH3)4NNi(N02)3 (TMNIN), is immediately precipitated when a con-
centrated aqueous solution of NiBr(lO"2 mol in 5 cm3) is added to
an aqueous solution of (CH3)4Br(10'2 mol in 5 cm3) in an excess
of sodium nitride(leO"2 mol in 10 cm3). The compound is insol-
uble in organic solvents, very slightly soluble in methanol, and
slightly soluble in water. Tiny needle-shaped crystals can be

obtained under slow evaporation of above solution.



>0

Cleavage
Plane

- NINO

Fig. 1. Sketches of as-grown crystals of NENP and NINO with their
crystallographic axes and the cleavage planes.



2-2 Magnetization measurements

High field magnetization measufements have been performed at
the high magnetic field laboratory of Research Center for Extreme
Materials, Osaka University. The two-layer magnet. 150(2L)20
and the single-layer large bore magnet 150(1L)60 were used in

this experiment. These magnet can produce the magnetic field up-

"to 70 T and 50 T, respectively. The pulse width is about 400
usec. The magnetization was measured by using a balanced pick-

up coil system.zo)

The technically important point of the pick-
up coil system is how to compensate the background flux change
due to a transient field. This is done by setting three coils
as shown schematically in Fig. 2. The A-coil picks up the
magnetic flux change of the specimen while the B-coil is wound
in the opposite direction to the A-coil in order to compensate
the background flux change. Fine adjustment is done by adjust-
ing the output of the one-turn C-coil using a bridge balance
circuit. The A- and B-coil are wound around the specimen with
80 turns on a 3.0 mm diameter bakelite bobbin and 40 turns on a
4.3 mm diameter bakelite bobbin on the A-coil, respectively.
The cross section of B-coil is twice as large as that of A-coil
so as to make the net flux in A-coil is equal to that in B-coil.
The C-coil is wound on the B-coil. The out-put signal of the
bridge balance circuit is proportional to dM/dt but still con-

tains background noise. The transient digital recorder is used

. to reduce this residual noise. Two sets of data, with and

without specimen, are taken by using two shots of pulsed field.

The signal dM/dt is obtained by the difference of these two



Pick up coil

C-coil

=

B-coil

Signal Transmission

Shield
C - coil * : -
i
A - coil ? ;
' 1
Cu-capillary R !
B-coil E : ol
_-i—-‘—-—---‘\_/-
- Bridge Balance _

Circuit Digital
Recorder

Fig. 2. Schematic view of the pick-up coil system and the bridge
balance circuit for the fine compensation.
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data. The field derivative of magnetization dM/dH is calculated
by dividing the subtracted data dM/dt by the signal dH/dt. The
field and magnetization pick-up coils are calibrated by single
crystalline MnF, as the standard specimen uéing the spin-flop
transition field and the susceptibility above the transition.
The block diagram of the magnetization measurement system is
shown in Fig. 3.

Magnetization measurement at 1.3 K were done by pumping 4He
in the quartz dewar connected to the high wvacuum pump. A
conventional single-shot 3He cryostat was used for the magnetiza-
tion measurement below 1 K.Z21) The cut view of the cryostats is
illustrated in Fig. 4. The dewar vessels and most part of the
cryostat are made of glass to avoid the skin effect and eddy
current heating due to the pulse field with the pulse width of
400 psec. The exchange gas chamber, as well as the dewar ves-
sels, are silvered along the inside wall with two vertical slits.
The slit is necessary to cut the current loop along the wall.
However, the slit causes heat inflow of about 100 pW to liquid
3He. The volume of liquid 3He is about 3 cm3 and experiment in
3~-4 hours can be done under usual conditions. The temperature

below 1 K is controlled by pumping 34e gas.

-11-
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Fig. 4. Cut view of 3He cryostat.
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2-3 Magnetic susceptibility measurements

Magnetic susceptibility measurements were performed in the
temperature region from 1.5 K to 300 K by the Faraday method
using CAHN-2000 Electro-Balance system. The block diagram of
magnetic susceptibility measurement system is shown in. Fig. 5.
The electro-magnet has a gap of about 100 mm. The magnet power
supply (IDX corporation IPM-08404-C) is controlled by the comput-
er using the GPIB interface. The balance system is set in 4pe
gas atmosphere with the pressure of about 1 Torr and sample is
mounted at the maximum field gradient. All susceptibility
measurements were done at the static magnetic field of 3.7 KOe
and the field gradient dH,/dz of 0.85 KOe/cm. The magnetic
force acting on the sample can be obtained by evaluating the
current flowing through the torque motor of the balance. This
current is monitored by a computing digital multimeter (Takeda
Riken TR6877). Subtracting the blank data without sample, the
susceptibility is obtained. The magnetic force is calibrated
using standard sample FeSO4(NH4)ZSO46H20 with susceptibility of
(31.22 = O.32)X10'6 emu/g at 300 K. Temperature is controlled
by two heaters or pumping 4He gas and is monitored by digital
multimeter (Takeda Riken TR6840) using Au-0.07%Fe vs Ag thermo-

couple and vapor pressure of 4He.

-1L-
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Fig. 5. Block diagram of magnetic susceptibility measurement

system.
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3. Crystal structures
3-1 NENP and NINO
NENP and NINO have similar crystallographic structure with

the orthorhombic symmetry.lﬁ)

NENP has a space group of the
Pn2;a or Pnma, and NINO has the Pbn2;, space group. The lattice
constants are a=i5.223 A, b=10.300:A and c=8.295 A in NENP and
a=15.384 A, b=10.590 A and c=8.507 A in NINO. In both compounds
the nickel ions are located one-dimensionally along b-axis and
chains of nickel ions are well separated from each other by ClO4

16) The nickel ions are

perchlorate anions as shown in Fig. 6.
linked by the NO, group along the b-axis with covalent bond and
each nickel ion is surrounded by four nitrogen atoms belonging to
two diamine molecules. The Ni-4N plane is nearly perpendicular
to the b-axis. Theréfore, the nickel ion is regarded to be
located at the center of a distorted nitrogen octahedron. Main
structural differences is the coordination around the nickel
ions, ethandiamine in NENP and 1,3-propanediamine in NINO. It
éan be pointed out that the change from ethandiamine in NENP to

propane-diamine in NINO allows us to modify the stereochemistry

of nickel ions, and therefore its anisotropy properties.

-16~-~
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3-2 TMNIN

The crystal structure of TMNIN is similar to that of one-
dimensional antiferromagnet TMMC((CH3)4NMnClgy). A perspective
view of the structure determined by Gleizes is shown in
Fig. 7.19) Lattice constants of the hexagonal structure are
a=b=9.096(1) A and c=7.083 A. Nickel ions are located along c-
axis and they are bridged by three nitrite anions. The Ni-Ni
distance is equal to c/2=3.54 A. This bridging mode of the ni-
trite anions Ni-(N02)3—Ni is quite different from the one in NENP
and NINO which have the chain structure Ni-NO,-Ni. The chains

are well éeparated by tetramethylammonium cations.

-18~



TMNIN
(CH3)aNNi(NO2)3

C - axis

Fig. 7. Schematic view of the chain structure of TMNIN.
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3-3 NINAZ

Figure 8 shows a schematic view of the chain structure

22)

determined by Solans. NINAZ crystallizes in the orthorhombic

system with the lattice constants a=15.384 A, b=10.590 A and

c=8.507 A. Chains consist of nickel cations which are bridged
- by azido ligand along the c-axis. These chains are well sepa-
rated from each other by Cl04 ions. The Ni-Ni distance is equal

to 5.849 A. Each Ni ion displays a distorted octahedral coordi-
nation being linked to four N of two 1,3-propanediamine ligands

and two N of the two azido ligands.

-20-



NINAZ
Ni (C3HoN2);N5(C10,)

Fig. 8. Schematic view of the chain structure of NINAZ.
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4. Magnetic properties
4-1 Magnetic properties of NENP and NINO

Figure 9 shows the magnetic susceptibility data of single
crystal sample of NENP which are obtained by Renard et al. in the
temperature range from 1.7 K to 90 K.16) The susceptibility
shows a round maximum at about 60 K and an exponential decrease
in low temperature region. This low temperature behavior of
the susceptibility is quite different from a gapless one-dimen-
sional Heisenberg antiferromagnet. Bonner and Fisher3) calcu-
lated the susceptibility curve of finite size linear chains of
S=1/2 with the anisotropic Hamiltonian. The limiting suscepti-
bility curve has the finite value at T=0 K (Y%(T=0)/¥pax=0-69 for
S=1/2). At T=1.5 K, still far from T=0 K, X(T=1.5)/%pax =0-1
which is much smaller than expected wvalue for a gapless chain as
shown in Fig. 9. This susceptibility behavior clearly suggests
the existence of the Haldane gap. The high temperature suscep-
tibility data are well understood by the theoretically calculated
molar susceptibility for S=1 one-dimensional Heisenberg anti-

ferromagnet given by

, (3)

Nup2g? (  2+0.0194%+0.777x2
X:

KT |\ 3+4.346X+3.232X2%+5.834%3

with X= ]J|/kT.24) Where k is the Boltzmann constant, N the
Avogadoro number, g the Landé factor and ug the Bohr magneton.
The intrachain exchange interaction-*J-of -47.5 K and g-values

with g;=2.23, gp=2.15 and g,=2.21 were obtained by

-22-
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1.24) The positive uniaxial anisotropy term DSZ2

Meyer et a
(D>0) exists along the b-axis with an energy of 12 K.16)

The magnetic susceptibility data of single crystal samples
NENP and NINO used in this experiment are shown in Fig. 10.
Similar data to Fig. 9 was obtained for NENP as shown in (a).
The magnetic susceptibility of NINO shows the exponential de-
crease at low temperatures reflecting an energy gap. The
least-squares fitting of experimental data to the theoretical
calculation (eq. (3)) lead to J=-49.9 K and g =2.23, gp=2.17 and
ge=2.22. Solid lines in Fig. 10 show the theoretical curves
with good agreement with the data.

It is noted that there is a crossover in the susceptibility
aroﬁnd 35 K in both compounds. This means that the sign of the
uniaxial anisotropy changes at this temperature. Another cross-
over is found around 3 K as shown in Fig. 9. The origin is not
clear but this feature largely depends on impulities.

Neutron scattering measurement on NENP were performed by
Renard et al.l®) ang they have observed energy gaps near the wave
vector g=m. The measurement of scattering in the direction of
the chain gives Eg//=30 K and, for the perpendicular direction,
Egl=14 K. These two gaps result from the splitting of the
Haldane gap of the pure Heisenberg chain by uniaxial anisotropy
D. The D-value is estimated to be 10 K.

Nuclear magnetic resonance measurements have been done by
Gaveau et al.Z25) They measured the nuclear spin-lattice relaxa-
tion time T;.o0f protons versus temperatures. The remarkable
decrease of 1/T; observed in NENP indicates a drastic reduction

of the magnetic fluctuations with decreasing temperature, which

—ol-
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is consistent with the boson model for the excitations from

ground state.?)
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4-2 Magnetic properties of TMNIN and NINAZ

Magnetic susceptibility datum of powdered sample of TMNIN is
shown in Fig. 11. As expected for an antiferromagnetic chain,
the susceptibility increases as temperature decreases and shows a
round maximum at about 15 K. At the low temperature region,
the susceptibility decreases exponentially. The value of
X(T)/%max 1S estimated to be 0.4 at 4.2 K which is much smaller
than expected value for gapless chain. Above 20 K, the suscepti-
bility is well understood by the S=1 one-dimensional antiferro-
magnetic model(eq.(3)) with J=-12 K and g=2.25.19)

Gadet et al. have measured the nuclear spin-lattice relaxa-
tion time T, of protons versus temperatures in polycrystalline
TMNIN. The relaxation rate 1/T; decreases monotonously with
decreasing temperature over two orders of magnitude. This
behavior of the proton relaxation in TMNIN is quite different
from that in S=5/2 1D-AF TMMC. In TMMC, 1/T7; exhibits a remark-
able increase with decreasing temperature due to the antiferro-
magnetic short-range order. The remarkable decrease of 1/T;
observed in TMNIN indicates a drastic reduction of the magnetic
fluctuations with decreasing temperature.

The powder magnetic susceptibility of NINAZ exhibits a broad
maximum at about 150 K indicating a strong antiferromagnetic
coupling in the chain as shown in Fig. 12. At low temperatures,
the susceptibility shows the Curie law dependence probably due to
defects or impulities. On the other hand, after subtracting a
extrinsic contribution assumed to be proportional to 1/T, a

resulting susceptibility shows an exponential decrease at low

_27...
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temperatures reflecting a clear manifestation of the Haldane gap.
The high témperature data can be fitted by the theoretical sus-

ceptibility curve(eq. (3))with J=-145%5 K.25)

...30._



5. Experimental results and discussions
5-1 High field magnetization of NENP and NIN028)

The high field magnetizations of NENP26,27,28) anhg NIN0O28)
along the tree crystalline principal axes a, b and c at tempera-
ture 1.3 K are shown in Fig.13. The corresponding deferential
magnetization curves dM/dH are shown in- Fig.14. No hysteresis
- has been observed in these curves within the experimental accura-
cy. A small finite magnetization in low field region along a-
axis of NENP probably comes from the paramagnetic impulities.
No long range magnetic order or no remarkable.change in the
magnetization is found at lowest temperature of 0.5 K. Note-
worthy featufe is that the susceptibility in low field region is
almost zero and the magnetization increases sharply at each
transition field for all directions of both compounds. _This
result clearly indicate that an energy gap exists between the
singlet ground state and the first excited one and this energy
gap is closed by an external magnetic field. The transition
field corresponds to the crossover field from the ground state
and a sublevel of the excited triplet.

There may be some explanation for the existence of the
state of small net moment in low field region of magnetization in
NENP and NINO. It is due to (1) the Haldane gap, (2) the exist-
ence of the dimerized state formed by exchange alternation, or

(3) the existence of a singlet ground state caused by the single

"+ ion anisotropy term. The alternation is due either ‘to.a perma--

nent distortion of the chain which leads to nonegquivalent ex-

change paths, or to displacements of the nickel ions at low

_31_
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temperature; spin pierls transition. In this case, the intra-
chain exchange interaction energy J may be high sensitive to the
Ni-Ni distance, since the Ni chains appear to be uniform from the
crystal structure. In fact, J is fairly insensitive to the Ni-
Ni distance since NENP and NINO have about the same J value,
while the Ni-Ni distances differ by about 0.1 A. Moreover, if
this alternation in the exchange interaction really happen in
NENP, it can easily detected its effect, for example, on a dis-
tortion of the lattice. However, such an effect has not been
observed experimentally. Therefore, we can role out the possi-
bility of the existence of the dimerized state caused by exchange
alternation.

Next, it is considered that the existence of a singlet
ground state caused by a single ion anisotropy term. The ground
state of an S=1 system with large positive D-value is a singlet
(SZ=O) and non-magnetic. When H is applied along the quantiza-
tion axis, the energy of the excited state with Sz=—1 decreases
with increasing field, and at a critical field, it becomes equal
to that of the ground state(sz=0). Above this field, this
system has a magnetic moment. On the other hand, when H is
applied perpendicular to the quantization axis, this transition
dose not happen. Instead, the magnetization gradually develops,
because in this case, the crossing of the energy levels dose not
occur. From the magnetization data, a sharp transition takes
place for all of the principal axes.  Therefore, the possibility
of the singlet ground state due to the single ion anisotropy term
can be rolled out. Then, it is natural to conclude that the

state of small net moment observed in low field region of NENP
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and NINO is formed by Haldane's mechanism.

Another important point is that the transition fields are
anisotropic in both compounds as clearly seen in dM/dH curves
shown in Fig.14. However, dM/dH curves have a width of about
4 T at each transition field and do not change at the lowest
temperature of 0.5 K.V Therefore, the transition field is de-
fined at mid-point of dM/dH as indicated by arrows in Fig.14.
The experimental data of the transition field Hp are determined
as follows: Hp®= 12.5 T, HTb=7.8 T and Hp®=11.2 T for NENP and
Hp®=8.9 T, HpP=7.0 T and Hp®=11.1 T for NINO. .

The anisotropy of transition fields are explained by assum-
ing a truncated Hamiltonian for the excited triplet with the
uniaxial and orthorhombic anisofropy term given by eg.(4).
Taking the quantization axis(z-axis) parallel to the chain direc-
tion(b-axis), x-axis parallel to c-axis and y-axis parallel to

a-axis and assuming that the center of the triplet is located

above the ground state with the Haldane gap energy Eg, eigen
energies of eq.(4) are given as follows,30)
(a) H// a-axis
a _
W;® = Eg+ ( D+ 3E)/3, (5)
W® = Eg - ( D+ 3E )/6 - J(CE - D )/2)2 + g %ug282 ,  (6)
Wad = Eg - ( D+ 3E )/6 + {(( E-D)/2)%+ gz%ug?u? , (7)
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(b) H// b-axis

wiP = E, + D/3 - [E? + gp2ug?u?

g (8)

~

(9)

~

w2b = Eg + D/3 + sz + gbzuBZHz

waP = B4 - 2D/3 (10)

(c) H// c-axis

W€ = Eg - (D -3E)/6 - {((D+E)/2)%+ g2ug?u? , (11)
Wwy® = Eg + (D - 3E)/3, | (12)
W3S = Eg - (D - 3E )/6 + {(( D+ E )/2)% + go2ng?u? . (13)

The energy wza, Wlb and ch decrease as the magnetic field
increases and become zero at the transition field Hep. The

transition field for each direction is given by

Hp? = {(Eg - 2D/3)(Eg + D/3 - E) / galg . (14)
HeP = Y(Eg + D/3 + E)(Eq + D/3 - E) / gphg , (15)
Hp® = {(Eg - 2D/3)(Eg + D/3 + E) / gchp - (16)

The Haldane energy gap E, and field crystalline constants D

g
and E are obtained by solving the eqg. (14)-(16) using experimen- -
tal data Hgp. The obtained parameters Eg, D and E and intrachain
exchange energy J and g-values of NENP and NINO are listed in
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NENP NINO
J (K) —-47. 5 —49. 9
ga 2. 23 2. 23
go 2. 15 2. 17
Eec 2. 21 2. 22
Eg (K) 16. 8 14. 2
D (K) -16. 1 —-11. 5
"E  (K) —-1. 3 2.1

(* Meyer et al.: Ref.24)

Table I. Magnetic parameters of NENP and NINO.




Table 1. Recently, W Lu et al. 31) have done far-infrared
spectroscopy of NENP in high magnetic field and determined the
energy gap Eg=l7 K and field crystalline constants D=-14 K and
E=-0.72 K for the excited triplet. These values obtained here
are in good agreement with their results. Figure 15 shows the
energy levels at zero magnetic field and Zeeman splitting of each
level. The parameters are those for NENP. The Haldane ground
state is shown by zero-energy line and the excited triplet at Eg
splits by D and E terms into tﬁree singlets at zero magnetic
field. One of these levels decreases as the field increases and
crosses with the Haldane ground state at Hp. Therefore, the
Haldane ground state is broken at this field and normal antifer-
romagnetic state appears.

The important point of these results is that the sign of D
in the excited triplet is negative while the sign in the ground
state is positive. This discrepancy are explained by a new
model of elementary excitation in the Haldane state proposed by

Data and Kindo.ls)

They considered the exchange-coupled S=1 spin
pair (two-spin-bound state) with positive D for each spin. The

model Hamiltonian is given by
H=gugH(S; + Sy) + D(S;,% + S,,% - 25(S+1)/3) - 2JS;S,. (16)

The energy levels are obtained by solving a 9x9 determinant and
the diagram for H=0 is shown in Fig.16. For comparison, single-
spin levels with the same D-value are also shown on the left-hand

side. The sign of effective D-value in the triplet of spin-pair
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Fig.16. Energy level splittings for single-spin and spin-pair
states.
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model is negative and has the same magnitude to the D-value in
single spin. The physical reason is qualitatively understood by
the vector model on the right-hand side of Fig.l16. When the
resultant spin S=1 points in the z-direction, the main components
of S; and S, are- perpendicular to the z-direction so that the
effective D-value for the excited triplet with the resultant spin
S=1 is negative opposed to that of single spin. Figure 17 shows
the vector model of the excited triplet. The Haldane state is
schematically given by (a) and the localized two-spin-bound state
with the resultant spin S=1 is shown in (b) by a dotted square on
the chain. No long tail of the spin-packet is expected because
the spin-packet reduces the magnitﬁde of the D-value, which is
close to that of the ground state.

Parkinson and Bonner6) have done numerical studies on fi-
nite-size Heisenberg antiferromagnetic chain. They obtained the
magnetization curve for S=1 one-dimensional Heisenberg antiferro-
magnet at T=0 as shown in Fig.18. This curve is not accurate
in low field region where the extrapolation is not completed.
Figure 19 shows the comparison of the experimental magnetization
curve (solid lines) with the theoretical one (broken lines).
The agreement is satisfactory in the high field region above the
transition field. The fitting parameters |J|=47.5 K and g=2.2
and |J|=49.9 K and g=2.2 are used for NENP and NINO, respective-
ly. These values of intrachain exchange energy and g-value are
in good agreement with those determined from susceptibility

measurements.
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'NENP 7

Magnetization(pg/Nij?*)

0 25 50 75

050 NINO

Magnetization (pg/Ni2*)

0 10 20 30 40
Magnetic Field (T )

'Fig.lg. Comparison of the experimental magnetization curves in
NENP and NINO with the theoretical curve. J=-47.5 K and
g=2.2 in NENP and J=-49.9 K and g=2.2 in NINO are used.
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5-2 High field magnetization of TMNIN and NINaz32)
Magnetization curves of a powdered sample of
TMNIN((CH3)4NNi(N02)3) up to 4 T at various temperatures are
shown in Fig.20. The magnetization is almostélinear at 4.2 K
but a clear change in the magnetization is found at 0.55 K. The
magnetization profile at 0.55 K can be understood by the Haldane
gap model as in NENP and NINO. The sudden increase of magneti-
zation around 2.5 T corresponds to the crossover from the nonmag-

netic ground state to a sublevel of the excited triplet.

The high field magnetization up to 40 T is shown in Fig.21.
The whole magnetization profile of TMNIN is similar to that of
one-dimensional Heisenberg antiferromagnet with S=1/2 without
the low field region where TMNIN shows the clear evidence of the
Haldane gap. The magnetic saturation is found above 30 T and
the corresponding theoretical curve for S=1 one-dimensional
Heisenberg antiferromagnet given by Parkinson and Bonnar®) is
shown by a dotted line with the parameters of |J|=12 K and
g=2.25. The agreement is satisfactory without the low field
region where the theoretical calculation is not completed.
The field derivative of magnetization curve dM/dH is shown‘in
Fig.22. Sakai and Takahashi have done numerical diagonali-
zations up to N=16 on the S=1 one-dimensional Heisenberg anti-
ferromagnet.lz) They obtained the magnetization curve-- and
the field derivative of magnetization curve dM/dH at thermody-

namic limit which indicate an anomaly at Hmp. This theoretical
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dM/dH curve given by Sakai and Takahashi is also shown in Fig.22
by a broken line. The experimental curve is nicely in accord
with the theory. Therefore, it is concluded that TMNIN has the
nature of ideal S=1 one-dimensional Heisenberg antiferromagnet.
The transition ' field is defined as 2.7 T from the dM/dH curve
and the corresponding energy gap Eg=guBHT is estimated to be
4.1 K.

Figure 23 shows the high field magnetization of powdered
sample of NINAZ at 1.3 K. A sﬁall parasitic magnetization in
low field region probably comes from defects or impulities. The
increase of magnetization which indicates the Haldane gap quench-
ing appears at the transition field Hg=30 T. The g-value of
NINAZ is not known, therefore we use g=2.20 as the average value
for Ni2* jon in Haldane gap materials. The large Haldane gap
Eg=44.3 K is obtained reflecting the large intrachain exchange
energy.

TMNIN can be regarded as the ideal Heisenberg system, be-
cause this compound has very small aniSotropylg) and the ob-
tained magnetization and field derivative of magnetization. are
nicely in accord with the theory. Therefore, the energy gap of
TMNIN determined here is considered to be close to the real
Haldane gap. On the other hand, NINAZ may have relatively large
anisotropy as is in NENP and NINO. So that the energy gap of
NINAZ obtained from the magnetization of powdered sample may be
slightly smaller than that will be obtained from single crystal

sample.

The obtained relations between the Haldane gap energy E, and

g
the intrachain exchange energy J of NENP(Eg=O.35|J|),
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Fig.24. Relation between the Haldane gap energy and the intra-
chain exchange energy of several S=1 quasi-one dimension-~-
al Heisenberg antiferromagnets obtained from various
measurements. Two values of the energy gap of
NENP(ref.16,28) was determined for respective field
directions parallel and perpendicular to b-axis. Solid
line is the theoretical value of Eg=0.41|J|.
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NINO(Eg=0.29|J]), TMNIN(Eg=0.34|J|) and NINAZ(Eg=0.31[J|) in this
work are indicated in Fig.24. Those from other various measure-
ments are also shown. Almost all of these data can be under-
stood by the expression Eg=(0.35 + 0.05)|J| which is close to the
theoretical value of Eg=0.41|J|.7) This confirms us that these
materials are one-dimensional Heisenberg antiferromagnets and

have the Haldane gap which is proportional to the intrachain

exchange energy.
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6. Conclusion

The magnetic susceptibility and magnetization measurements
were performed on S=1 one-dimensional Heisenberg antiferromag-
nets. The susceptibility of NENP and NINO clearly show the‘
existence of the Haldane gap. The intrachain exchange energy J
and g-values of NINO are obtained from susceptibility aata.
The high field magnetizations of single crystal samples NENP and
NINO strongly support the existence of the Haldane gap and this
gap are quenched by external magnetic fields at each transition
field. The transition field corresponds to the crossover field
from the ground.state to a sublevel of the excited triplet. The
anisotropy of the transition field is explained by introducing
the crystalline field constants D and E for the excited triplet.
The Haldane gap energy Eg and the crystalline field constants D
and E of NENP and NINO are determined from magnetization
measurements. The obtained parameters are in good agreement
with those from recent ESR and far-infrared spectroscopy meas-
urements. Even though the Haldane gap originate from many body
effect, the anisotropy of the transition field of NENP and NINO
is well explained by the simple energy level scheme discussed
here.

TMNIN and NINAZ are specially designed to obtain a material
which has different J-value from NENP and NINO. The suscepti-
bility of TMNIN shows a round maximum at about 15 K and falls
down rapidly as temperature decreases. The . susceptibility in
the high temperature region are well understood by the Curie-

Weiss model for S=1 one-dimensional Heisenberg antiferromagnet

_53_



with J=12 K and g=2.25. The magnetization of TMNIN in the
low field region is understood by the Haldane gap model as in
NENP and NINO. High field magnetization shows the saturation
behavior above 30 T and this magnetization process is well under-
stood by the theoretical magnetization curve of S=1 one-dimen-
sional Heisenberg antiferromagnet. Whole profile of the magnet-
ization curve are obtained for the first time in TMNIN.

The magnetic susceptibility of NINAZ exhibits a broad maxi-
mum at about 150 K indicating a sfrong antiferromagnetic coupling
in the chain. The high temperature data of the susceptibility
can be understood by a theoretical susceptibility curve with
J=145 K. The magnetization of NINAZ also shows the exist-
ence of the Haldane gap. The large Haldane gap is obtained
reflecting the large intrachain exchange energy J.

The obtained results are compared with those of other
various measurements and the relation between the Haldane gap
energy and intrachain exchange energy is obtained to be
Eg=(0.35t0.05)|J| which is close to the theoretical value of

Eg=0.41]J].
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PART II

EXTENSION OF THE HIGH FIELD MAGNETISM TO THE BIOLOGICAL SYSTEMS
ABSTRACT

An extension of the high field magnetism to the biological
systems is shown with a special interest in the diamagnetic
orientation of the biological macro-molecules under static magnet-
ic field. Human blood materials, fibrinogen-fibrin fiber sys-
tem, red blood cell, blood platelet are tested and unexpectedly
large diamagnetic orientation is found. The order parameter of
these materials are evaluated both by the light transmission and
microscopic observations and they are analyzed by the extended

theory of the diamagnetic orientation with diamagnetic anisotropy

model.
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1; Introductién

In 1855, Faraday found diamagnetism with wood, ivory, beef,
mutton, etc..l) However, diamagnetic anisotropy of the biologi-
cal systems was first reported after about one century by Lans-

2,3) Since then

dale and Arnold et al. on cellulose materials.
variety of biological materials have been investigated in magnet-
ic fields. Typical example of the magnetic field effect on
biological systems is seen in mégnetotactic bacteria.?) The
magnetotactic bacteria in sediments orients and swims along
magnetic field direction toward the specified pole because it
has a chain of single domain particles of magnetite.

It is well known that molecules having anisotropic
diamagnetic susceptibility such as benzene and nitrobenzene are
oriented in an applied magnetic field. The orientation is
usually detected by the magnetic birefringence, i.e., the Cotton-
Mouton effect.2:®) Extensive studies of magnetic orientation
in pulsed magnetic field up to 30 T (Tesla) have been done by
Yamagishi et al.’+8) and the diamagnetic Curie-Weiss law has been
found in many organic liquids. However, the order parameter
induced by the magnetic field is of the order of 1076 due to the
fact that the field indﬁced energy is far below the thermal
energy at room temperature.

In some macro-molecules, however, considerable degrees of
the orientation are expected if the molecules consist of many
aligned radicals having diamagnetic anisotropy. Typical exam-
ples are seen in the biological macro-molecules and the dia-

magnetic orientation under static magnetic field has been inves-
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tigated for various materials. The magnetic orientation of
retinal rod outer segments,g'lo) chloroplasts,ll) photosynthetic

12,13)

algae and bacteria, purple membranesl4) and nucleic

acidsls)

have been attributed to the diamagnetic anisotropy of
the macro-molecular ofigin.

Lipid tubules, which aré straight hollow cylinders consist-
ing of lipid bilayers, has been investigated in a magnetic
field.16) The tubules were found to orient with their long axes
parallel to the field direction. This result shows that the
lipid molecules are oriented with their long hydrocarbon chaihs
normal to the applied magnetic fields.

The first half part of this paper shows the theoretical
treatment of the diamagnetic orientation of macro-molecules. It
is shown that a full orientation is easily achieved when the
diamagnetic biological molecules aggregate in the magnetic
field, if they aggregate keeping their diamagnetic principal axes
along the field direction. A typical result is given by the
polymerization of fibrinogen under a magnetic field.

The last half part of this paper shows +that red blood cells
({RBC) and blood platelets are oriented by static magnetic
fields. The molecular origin of diamagnetic anisotropy of RBC

and blood platelets are also discussed.



2. Theory
Let us now consider a rod-like macro-molecule in a magnetic
field with anisotropic diamagnetic susceptibilities x" and Y,

along the directions parallel and perpendicular to the rod axis,

respectively, as shown in Fig. 1. The field-induced energy U is
given by7)
= —(H2 2
U = -(H%/2)(x, + Axcos®8), . (1)
8)

and the order parameter <m> is defined with usual manner as

<m> = <3cos?0 - 1>/2

1 f;r'(Bcoszﬂ - 1)exp(-U/KT)sin® do

e — ’ (2)
2 f;“ exp(-U/kT)sinB d6

where 0 is the angle between a magnetic field H and the rod axis,
» g
Ax=x" - %, and KT is the thermal energy. Equation (2) is simply

expressed as

3 e’ 1
m> = —— -1 -—, (3)
I 2

where I and a are given by

1= fgexp(atz)dt, | (4)

a=AyH2/2KT. _ : (5)
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Fig. 1. A rod-like macro-molecule in a magnetic field. %ﬁ
and X, are the magnetic susceptibilities parallel an
perpendicular to the molecular axis. 6 is the angle
between the field and the molecular axis.

-62-



For the cases a << 1 (low field and/or high temperature limit)
and o >> 1 (high field and/or low temperature limit), eq.(3) is

expanded as follows:

2a ( 2 )
a << 1, <m> = 1 + a , (6)
: 15 21
3 1
a >> 1, <m> =1 - ——| 1 + . (7)
2a 2a

The first term of eq.(6) was obtained by Langevin6) (dotted line
in Fig. 2) and it shows a quadratic dependence on H as generally
seen in the Cofton-Mouton coefficients for organic ligquids. The
crossing point of the dotted line (<m>=20/15) with the line of
<m>=1 gives a=15/2. Equation (3) shows the saturation behavior
and gives <m>=0.8 for a=15/2 obtained above. That is, the
condition AxH2/15kT=1 gives 80% magnetic orientation of the
molecules. This condition is used to estimate the field inten-
sity required for nearly full orientation. The whole curve
corresponding to equation (3) has been calculated and is shown
in Fig. 2 by a solid line.

A new unit to express the magnitude of diamagnetic anisotro-
py is defined, because usual emu value for molecules is too
small and inconvenient. The new unit is defined by expressing
Ay reduced to that of a typical diamagnetic anisotropy in benzene
molecule. Ay of benzene is 9.91x10"2% emu 17) and it is defined
as one Dg (diamagnetic benzene). Therefore, Ay in the unit of

Dp means the value of benzene equivalent and it is easy to evalu-
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Fig. 2. Order parameter <m> as a function of a=AxH2/2kT. The

full and the dashed lines are given by eq. (3) and the
first term of eq. (6), respectively. 80% orientation is
obtained at o=15/2, which is obtained as the crossing
point of <m>=2a/15 and <m>=1.
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ate with reference to benzene.

Figure 3 shows field dependencies of the order parameter
for various values of Ay. For example, A)(=10_21 emu is about
1O7DB which is equivalent to 107 benzene molecules aligned in the
same direction at the field of 6 T.

when N molecules aggregate with their diamagnetic principal
axes along the same direction, Ay in egs. (1)-(7) should be
replaced by NAy. When N becomes large enough, a large magnetic
anisotropy energy is expected aﬁd a >> 1 is easily satisfied
even at low magnetic field. In such case, the corresponding

order parameter <m> reaches the saturated value even at 1 T.
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3. Experimental procedures

Experiments of magnetic orientation in biological systems
were carried out at the Low Temperature Center, Osaka University.
Figure 4 shows the experimental set-up. A static magnetic field
up to 8 T are produced by a superconducting magnet, which has
room temperature experimental space of 6 cm in diameter and 20 cm.
in length. The inhomogeneity of the field strength is less than
1% in the experimental space. ' An iron-core electromagnet is
also used to demonstrate the magnetic orientation of fibrin in a

3 are

field as low as 1 T. Two quartz sample cells of 1X1X4.5 cm
put in copper tubes and their temperatﬁres are controlled at
about 24 °C by flowing water from a thermal bath. One cell is

in the magnet and the other is out of it for comparison. He~Ne

laser light is used to monitor the optical transmissivity.
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4. Polymerization of fibrinogen in high magnetic fields18-20)

4-1 Structure of fibrin fiber and sample preparation

A human blood material, fibrinogen, one 0of the plasma pro-
teins has a molecular weight of 340,000 and bent rod form of
about 90 A and 450 A in diameter and length, respectively as
shown in Fig. 5. Fibrinogen is known to polymerize into fibrin
fiber?l) and the magnetic field effect on the polymerization has

been reported.zz) Fibrinogen contains N =666 planar pep-

peptide

tide bonds in the a-helices keeping their diamagnetic axes along

the helical axis and the helix makes a coiled-coil, as shown in

Fig. 6.23)
A planar peptide has diamagnetic anisotropy
Axpeptide=9 X lO’zDB.24) The diamagnetic anisotropy of oa-

helix have been calculated by Worcesterzs) and it is
expressed as Axa—heliX=NXAXpeptide/2' where N is the peptide
number contained in a o-helix. The diamagnetic anisotropy of a
half of fibrinogen Axhalf can be calculated from above equation
by taking a diamagnetic principal axes parallel to the molecular

axes. 25)

Axna1£=(Npeptide/2)X(Mpeptide/2)X0-98=(15+1)Dg, (8)

here 0.98 is the constant coming from o-helix makes coiled-coil
structure. As fibrinogen has bent rod structure, total diamag-

netic anisotropy of fibrinogen is expressed as
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Planar
Peptide

Fibrin Fiber

Fig. 6. Schematic views of fibrin fiber. The detailed structure

is shown successively. The anisotropic diamagnetic sus-
ceptibility originates from peptide bonds contained in
o-~-helix.
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Axfibrinogen=zx( 3cos?( (180-145)/2)-1)XA%p a1 £/2 (9)
=(26%2)Dg.

The average size of polymerized fibrin fibers is about 1 pm
in diameter, 100 pum in length and the rod contains about 107

monomers of the fibrinogen. The value of NAY of a fibrin fiber

is about 2.6x108DB so that it is expected that the some degree of . -

magnetic orientation can be obtained even in a field as low as
1 T from Fig. 3. |

The solution of bovine plasminogen free fibrinogen
(500 mg/dl) in the buffer (Tris-HCl1 0.5 M, pH7.5, NaCl 0.03 M)
and the solution of human thrombin (0.25 units/ml) in the same

buffer are mixed at the ratio of 13:1 just before the experiment.
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4-2 Experimental results and discussion

Fibrin gels polymerized in magnetic fields are fixed and
dehydrated by using glutaraldehyde solution and ethanol and then
dried for observation by means of a scanning electron microscope
(SEM). Examples of SEM images of the fibrin fibers which were
polymerized (a) in a magnetic field of H=8 T and (b) without a
magnetic field H=0 are shown in Fig. 7. A clear magnetic
field effect is seen in these phétographs. Figure 8 shows the
light transmissivity and the degree of polarization as a function
of time. The optical transmissivity decreases as polymerization
proceeds because the light scattering cross-section increases as
the molecular size increases. The scattering cross-section also
depends on the polarization of light, parallel or perpendicular

to the molecular axis.25)

Therefore, the degree of orientation
is estimated by monitoring the degree of polarization of the

transmitted light which can be normalized with the data of full

orientation. The degree of polarization is defined as
P=(T, - T||)/(Tl + T"), (10)
where T" and T, are the transmissivities for the light polar-.

ized parallel and perpendicular to the field direction, respec-
tively. Defining an average light scattering cross-section Op
for randomly oriented fibers and scattering cross-sections 0”
and O, for the light polarized parallel and perpendicular to the
molecular axis, respectively, we can -express the transmissivities

T" and Tl as

...7 3_



Fig. 7. Scanning electron microscope images of fibrin gels, (a)
polymerized in 8 T field and (b) control (zero field).
The field direction is shown by an arrow.
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T| = exp{-(d/Ng)(O|ng + Ogny)}, : (11)
T.L = eXp{-(d/NO)(Olno + Oonr)}r (12)

where 4 is an optical path length of the sample. The numbers of .
fibers per unit volume, Np, n,. and n, are defined as the total
number of fibers Ngp=n,+n,, the number of fibers randomly oriented
in all directions and the number of fibers magnetically oriented
in the field direction, respectivély. When no magnetic field is
applied, the fibers are distributed in all directions, so that
n,=Ng, no=0 and T"=TL; nO/NO denotes the degree of orientation
of the fibers. Equations (10)-(12) give the relation between P

and no/NO as

dAOnO 1+ P
exp = ’ (13)
Ng 1-P
where A0=0" - 0. As almost 100% orientation is attained at
the field of 8 T(Fig. 7), n,/Ng is evaluated to be 1. From
Fig. 8, P=0.17 is obtained at the field of 8 T. These values

give dAo=0.34. Equations (11) and (12) may not be correct in
the region of high density of fiber. However, equation (13) can
be used to estimate the degree of orientation of the fibers in
various magnetic field strength. One of results is shown in
Fig. 9. The curve could be changed depending on the condition
of chemical reactions, that is, density of solution, thrombin
concentration, temperature, pH and so on. The important point

is that considerable orientation (nO/NO=O.44 in Fig. 9) of the
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fibers is obtained even in 1 T.

Figure 10 shows the time development of N, the number of
fibrinogens in a fiber, during the course.of polymerization.
The number of N is calculated as follows. Using the average
light scattering cross-section Oy which depends on the molecular
size, the transmissivity T of a dilute solution of the fibers is

given by
T = exp(-nop), | (14)

where n is the number of fibers per unit volume and is assuﬁed
constant through the clotting process. n=106 mm~3 is obtained
by dividing the initial fibrinogen concentration by the number of
fibrinogen molecules in a fiber’at the final stage. For a rod-

like molecule, Oy is given by26)

ma(m-1) 2
Og = 19.2 | —— [ a1l , (15)
A
where a and 1 are radius and length of the rod, respectively. A

is the wave length of the light and m the ratio of refractive
indices of the fiber and the buffer solution. Using equations
(14) and (15) and assuming that m=1.05 and that the fiber grows
with a similar form (l=200a), the size a can be obtained as a
function of time. Thé number of fibrinogens in a rod is ex-

pressed as

N=na2X200a/v, (16)
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Number of Molecules / Fiber N
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Fig.10.

Jd 1 1 1 J

10 20 30 40 50
Time (min)

The fibrinogen number N aggregated in a fibrin fiber as a
function of time. 1In thg first 10 min, the fiber grows
rapidly and N becomes 10 which is large enough for the
magnetic energy to overcome the thermal energy.

O

_79_



where v=3x10"° pm3

is the volume of a fibrinogen.

The calculation may not be accurate for the high concen-
tration region of fibers and N-value in this region is shown by a
dotted curve in Fig.10. The number N shows a rapid increase in
the first 15 minutes up to about 5 X 10° and in the final stage
the fiber has about 106—107 fibrinogens. This implies that the
fundamental structure of orientation of the fiber is formed in
the first 20 minutes and that the magnetic field is probably less
effective in the later period of fhe reaction process because the
liquid becomes too viscous to rotate.

Even if the field is turned off during the course of clot-
ting, oriented fibers are obtained when large enough fibers have
been grown. The degree of orientation depends on the field-off
time (the time when fields are turned off). It takes a few
minutes to turn off fields (about 15 minutes from 8 T to zero),
so that the samples are taken out of the magnet at the field-off
time. A typical example is shown in Fig.1l1l for an applied
magnetic field of 4 T. One sample is pulled out of the magnet
at time A. The polarization curve traces ¢ — d — a and finally
degree of polarization becomes zero. The other sample is taken
out of the magnet at the time B and the polarization curve be-
comes ¢ - d — e ;; b. The final product shows almost the same
degree of orientation as gels fully grown up in the field. A
sample pulled oﬁt a few minutes later than A shows partial orien-
tation. These results imply that the important time duration to
obtain oriented gels is 15-20 minutes under the conditioné of
Fig.1l1l. During this period, the size of fibers are large enough

for the magnetic energy to overcome the thermal energy so that
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they can rotate magnetically, and not too large to be disturbed
in their rotation by neighboring large fibers.

To demonstrate magnetic orientation of a fibrin fiber in
1 T, polymerization was cérried out in a magnetic field produced
by an iron-core electromagnet with pole-piece spacing of 100mm.
SEM photographs of clotted gels are shown in Fig.12(a) and (b),
corresponding to samples in a magnetic field of 1 T and in zero
field, respectively. Considerable orientation is seen even in
1 T (Fig.12(a)) as expected from the polarization measurements.
However, after precise examination of the photograph, it seems
that sohe areas exist with considerably oriented fibers and some

with randomly oriented fibers.
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Fig.1l2. SEM images of clotted fibrin fibers. (a) A sample clotted
in a field of 1 T and (b) a control without magnetic
field (H=0). Considerable orientation is seen in (a).



5. Blood cells in high magnetic fields

5-1 Materials and experiments

There are many materials in human blood with various forms
and structures. In this section, two materials, red blood cell
(RBC) and blood platelet are investigated under high magnetic
field, because the sizes and shapes are well defined in blood
and quantitative analysis is available in these materials.

Figure 13 shows schematic ‘drawings of the shapes of RBC and
blood platelet with their sizes. RBC have a biconcave discoid
shape with a diameter of about 8 um and thickness of about 2.5
um. Blood platelets are normally biconvex disk shaped with a
diameter of about 2.5 pum and thickness of about 0.6 pm. RBC are
covered with cell membrane consisted of aligned lipid molecules
and contain hemoglobins which amounts to 95% of the total pro-
teins and hemoglobins have diamagnetic and pafamagnetic nature
depending on their spin states.

It is well known that hemoglobin has Fe ions and the oxida-
tion-deoxidation-reaction is one of the most important biochemi-
cal reactions in the human body. There are several valence
states of the Fe ion and they are listed in Table 1. Except
OXY-hemoglobin with the low spin state of Fe2+, the materials are
paramagnetic as are seen in Table. 1.

The solidified red blood cells, in which hemoglobin mole-
cules are solidified, are also investigated to see the effect of
hemoglobin motion.

Blood platelets are covered with cell membrane consisted of
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Red Blood Cell
A
| ~25 um

~1lum
~Bum H

Blood Platelet
A
~2.5um ~0.6um
\ A

Fig.13. Schematic drawings of red blood cell and blood platelet.
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Normal red blood cell

2+ 3+
Fe Fe
High Low High Low
Spin Spin " Spin Spin
S=2 S=0 S=5,/2 S=1,/2

DEOXY- | 0XY- METH- | METL-

Solidified red blood cell
‘ Fgs*
dign Spin Low Spin
s=5.2 s=12
SMETH- SMETL-

Table I. Various kinds of RBC investigated in this experiment.
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the ordered lipid molecules. However, there are no paramagnetic
molecules inside. The solidified blood platelets, in which
proteins are solidified, are also investigated.

Whole venous blood from healthy volunteers was diluted into
1/10 in concentration with 3.8% sodium citrate. It was centri-
“fuged at 1500g for five minutes to remove plasma and buffy coat.
After washing with an isotonic buffered saline solution (90 mM
NaCl, 5 mM KCl, 5.6 mM glucose, 50 mM Na-phosphate, pH7.5), RBC
- were suspended in the buffer and used as OXY-RBC, while DEOXY-
RBC were prepared with 25 mM Na,;S,04 into suspension of OXY-RBC
and nitrogen gas was flushed around the sample cell during exper-
iment. METH-RBC were prepared by oxidizing OXY-RBC with NaNO,
(20 mM). Then, they were washed five times and suspended in an
. isotonic buffered saline of pH5.7. METL-RBC were obtained by
treating the METH-RBC with KCN, then washed three times with the
isotonic buffer at pH7.4.

SMETH- and SMETL-RBC were prepared by treating OXY-RBC with
glutaraldehyde (coagulant of protein) and then with NaNO, for
SMETH-RBC and KCN for SMETL-RBC.

| The suspension of blood platelets was prepared by the
following way. Freshly drawn venous blood was centrifuged for
fifteén minutes. The platelet rich plasma was obtained and then
they were washed and suspended in isotonic saline solution.
Solidified blood platelets were prepared by treating normal blood
platelet with glutaraldehide.

Fér morphological obsérvation, RBC and blood platelets were

suspended isotonic buffered solution with 8% of gelatin.
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Samples in a magnetic field of 8 T and controls out of the field
were Kkept at 35 °C for first ten minutes. After obtaining full
orientation, sample temperature was decreased to about 15 °C to
fix the cells in the gelatin gel. The gel containing RBC was
sliced in planes normal and parallel to the field direction and
observed by a optical microscope. On the other hand, the gel
containing blood platelets was dried and sliced for electron
microscopic observation.

A degree of orientation of ﬁarticles haQing uniaxial shape
like rod or spheroid is expressed by using the order parameter
<m>=<3cosze—1>/2 as shown in the earlier section. As spheroidal
biological cells show anisotropic scattering Cross
sections,26'27) the degree of orientation is monitored by ob-

serving transmitted light of cell suspension.
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5-2 Magnetic orientation of red blood cells

Observation of the magnetic orientation by an optical
microscope was done for examining how various kinds of RBC are
oriented in the magnetic field. Figure 14 shows the optical
microscopic photographs of O0XY-RBC with oxygenated hemoglobin
(S=0). Figure 14(a) and (b) shows the cells gelled in a magnetic
field of 8 T normal to the paper and in the direction indicated
by an arrow, respectively. (c).is the control, that is gelled
without a magnetic field. RBC in (c) are randomly oriented.
Figure (a) shows in a field normal to the paper, all cells
seem their disk plane normal to the paper and there seems no
cells with their disk plane normal to the field in (b). These
fact implies that they orient with their disk planes parallel to
the magnetic field. DEOXY-, METH- and METL-RBC are also ob-
served to orient in the same manner.

In solidified RBC, howevef, the magnetic orientation is
opposite to those in normal RBC. Figure 15 show the result of
optical microscopic observation of solidified RBC. All cells
look 1like circles in Fig.l1l5(a) in a field normal to the paper,
while the side view of the circles are seen in Fig.15(b). This
means that solidified RBC are oriented with their disk plane
normal to the field. No big change is found for the opposite
orientation in the high- and low-spin state.

Figure 16 shows the magnetic field effect for SMETH-RBC

" without cell membrane. It is seen that the cells orient to

be their disk plane normal to the field.

The degree of orientation is also monitored by observing
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the optical transmittances of the cell suspension with and
without magnetic field. Figure 17 shows the change of transmis-
sion as a function of the magnetic field for two kinds of RBC
with diamagnetic OXY-RBC and paramagnetic DEOXY-RBC. No
significant differences are found between data for both RBC and
this means that the magnetic orientation of normal RBC is caused
mainly by their diamagnetic susceptibility of the membrane. The
diamagnetic anisotropy of these RBC 1is obtained as
Ax=8X106DB/cell comparing these data with the theoretical curve
and Ax‘for METH- and METL-RBC are obtained as 4X106DB/cell.

Examples of the magnetic orientation of SMETH-RBC is shown

in Fig.18. A large opposite orientation are found. This is
consistent with the results of the observation by an optical
microscope. The magnetic orientation curves show sample

dependence probably due to the concentration dependence of MET-
hemoglobin in SMETH-RBC.

The origin of the opposite orientation of solidified RBC may
be explained by introducing an order of hemoglobins in the cell
when it is solidified.  The mean ratio of the cell membrane
versus the ingredient is about 1/70. Therefore, a large change
in the net Ay is expected if there is considerable coherent
arrangement of hemoglobin molecule in a cell. Both the paramag-
netic and diamagnetic anisotropy can be considered for the ingre-
dients but the details are difficult to estimate.

The numerical evaluation of anisotropic diamagnetic suscep-
tibility Ay of normal OXY- and DEOXY-RBC is done by the follow-

ing model. The AY of normal RBC mainly comes from cell mem-
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brane, because hemoglobins are freely movable in the cells.
The proteins in membrane are considered to be randomly directed
and its contribution is neglected here. However, a 1lipid
molecule in membrane has diamagnetic anisotropy of
Axlipid=(9il)xlo'2DB 16) and is oriented with its hydrocarbon
chains normal to the magnetiq field. A number of them are
aggregated to make a bilayer membrane with their long hydrocarbon
chains normal to the membrane surface. The schematic views of
lipid molecule and bilayer membrane are shown in Fig.19.

The number of 1lipid molecules in membrane is about
Nlipid=3X108° It is assumed that RBC to be a disk with a
concentric hole and its outer diameter, thickness, hole diameter
and its depth are to be 7.5, 2.5, 2 and 2 pm, respectively, as
shown in Fig.20. The lateral areas Sq (disk planes) and S5
defined in Fig.20 are 88.4 umz and 71.5 umz, respectively. It
is assumed that the lipid molecules are distributed uniformly in

these area. The Ay of normal RBC is given by

= (921)x10%pg /cell.

This is compared with the experimental value,
Ax=8X1O6DB/cell. They show good agreement in spite of rough
estimation so that it may be concluded that the origin of Ay in
normal RBC is mainly attributed to membrane lipid molecuies.
This is also consistent with the optical microscopic observation

because 1lipid molecules tend to orient normal to the field.
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Fig.19. Schemafic views of lipid molecule and bilayer membrane
; The lipid molecule has the anisotropic diamagnetic sus-
ceptibility and is oriented with their hydrocarbon chains

normal to the magnetic field.
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5-3 Magnetic orientation of blood platelets

Figure 21 and 22 show the results of optical microscopic
observation and SEM images of blood platelets, respectively.
All cells look like ellipses in Figs. 21(a) and 22(a) in a field
normal to the paper. The side view of ellipses are seen in
Fig.21(b) and there seems no cells with their disk plane normal-
to the field. It is found from these experiments that blood
platelets orient with their disk -plane parallel to the field.

Figure 23 shows the experimental results of transmission
measurements and the theoretically calculated <m> curve for
blood platelets. Ax=1.2x107DB/cell is 6btained experimentally.

The effect of solidification of proteins is examined in
blood platelets. The solidified blood platelets are also ori-
ented with their disk plane parallel to the field and have the
same Ay of normal blood platelets in contrast with the case of
RBC.

The value of Ay in blood platelet is 1.5 times larger than
that of OXY- or DEOXY-RBC even though blood platelet has a small-
er size than RBC as shown in Fig.13. The contribﬁtion of dia-
magnetic anisotropy of bilayer lipid membrane to the AY of a
blood platelet can be evaluated by the same way in RBC. It is
(O.lStO.Ol)XlO7DB/cell by assuming a disk shape with diameter of
2.5 pm and thickness of 0.6 pum. This value of the Ay of
membrane is about one order smaller than that of blood platelet.
Therefore, the large Ay of blood platelet can not be explained by
the lipid membrane.

It is known that blood platelets have highly directed
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Fig.22. Scanning electron microscope images of blood platelets

(a)in a magnetic field of 8 T applied normal to the paper
and (b) out of magnetic field.
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fibrous protein, microtubules, in the cell as shown in Fig.24.
Microtubules serve as cell's cytoskeleton and exist about 15
turns in blood platelet. They are hollow tubes of protein
with an outer diameter of 24 nm and consist of aff tubulin dimers,
aligned head to tail as shown in Fig.25. The dimers have a
molecular weight of about 100, 000. The tertiary structure of
tubulin dimers has not been obtained.

The polymerization of tubulin dimers extracted from the
brain of a cow is investigated in the magnetic field of 1 T.
Examples of transmission electron microscopic photographs of the
microtubules are shown in Fig.26. Almost all of the microtu-
bules polymerized in a magnetic field are aligned to the field
direction which is indicated by an arrow in (a). This result
shows that microtubules have large anisotropic diamagnetic sus-
ceptibility.

As microtubules have coaxial form in blood platelet and tend
to orient parallel to the field, they make blood platelet orient
with its disk plane parallel to the field. Therefore, microtu-
bules probably have important contribution to the Ay of blood

platelet in addition to that of membrane.
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Fig.25. Three dimensional structure of a single microtubules.
The tubulin poly-peptides are aligned in 13 parallel
rows, called protofilaments. Each protofilament is com-
posed of aff tubulin dimers, aligned head to tail.
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Fig.26. Transmission electron microscopic
bules polymerized (a) in and (b)
of 1 T.

-106-

photographs of microtu-
out of a magnetic field



6. Conclusion

The magnetic field effects on the polymerization of fibrin
fibers have been investigated first. The polymerization proc-
ess is enhanced by adding the specific enzyme thrombin into the
fibrinogen solution. Almost 100% alignment is observed at the
field of 8 T by méasuring the polarization of transmitted light
and also by means of scanning electron microscope (SEM). The
number of fibrinogen aggregated in a fibrin fiber shows a rapid
increase in the first 15 min. up to about 5X10° and in the
finally a fiber has about 106-107 fibrinogens in average.
Considerable orientation is obtained even in a field as low as
1 T. This impiies that the magnetic field effect on the human
body might not be negligible even if a magnetic field is of the
order of 1 T.

Normal red blood cells are found to align by a magnetic
field with their disk planes parallel to the field irrespective
of the spin states. The origin of the anisotropic susceptibil-
ity of normal red blood cells is attributed to the diamagnetic
bilayer lipid membrane of the cells.

Solidified red blood cells are observed to align with their
disk planes normal to the magnetic field. The alignment is
opposite to fhose in normal cells. This implies that the mag-
netic orientation of red blood cells are modified by the solid-
ification of proteins in the cells where the solidified hemoglo-
bins are not random but have some coherence in the cells.
| Blood platelets}are found to align with their disk plane

parallel to the magnetic field. The size of blood platelet is
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'smaller than that of red blood cells but the anisotropic diamag-
netic susceptibility of blood platelets is 1.5 times larger than
that of red blood cells. The large Ay is explained by introduc-
ing the contribution from microtubules which have large aniso-

tropic diamagnetic susceptibility.
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