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Abstract: The experimental facilities in the High Magnetic Field Laboratory of Research
Center for Extreme Materials, Osaka University, are extended below 1 K by introducing *He
cryostat in the large-bore pulsed magnet system (maximum field 40T). The details of the
magnetization measuring system are shown. The system has been successively applied to
magnetization measurements of Cr trinuclear compounds showing the ground-state crossover

phenomenon and those of the so-called Haldane compounds with the excitation energy gaps.
1. INTRODUCTION

Magnetization measurements of magnetic materials under a high magnetic field in the low
temperature regions serve as a very useful tool for investigating the magnetic interactions.
In the High Magnetic Field Laboratory of Research Center for Extreme Materials, Osaka
University, measurement systems using liquid helium down to 1.3 K has been established
and many interesting experimental results have been reported. [1, 2] However, some
samples have their ordered state below or near liquid helium temperature and investigations
in the temperature region below 1 K are often required. Electrical resistivity measurements
below 1 K have been sometimes requested for metals and alloys in connection to the
superconductivity.

A *He cryostat system has been introduced in order to extend the experimental facilities
to lower temperatures. The lowest temperature achieved is 0.5 K even in the pulsed
magnetic field as high as 400 kOe (40 T). The apparatus described below is employed

satisfactorily for magnetization measurements under these conditions. The similar cryostat

1t . Permanent address from Oct. 1992.
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is also developed for another magnet with pulse width about 100 times longer. The details of
apparatus mainly for the former magnet system and some experimental topics obtained by

the cryostat are shown in section 2 and section 3.
2. APPARATUS

2.1 Pulsed Magnet

There are two kinds of the field generation systems in the Laboratory with the capacitor
bank of 0.5 and 1.25 M]J, respectively. [ 1] The magnets for both energy sources consist of
multi-layer coils which are designed so as to share strong Maxwell stress within their tensile
strength. The former energy source is used for the Long Pulse Magnet System which can
supply magnetic field up tp 400 kOe in a space of 16 mm in diameter with the pulse width
of about 30 ms and the latter one, the Short Pulse Magnet System, produces a field up to 700
kOe with 18 mm in diameter with pulse width of (.3 ms.

Three types of the magnets are available for practical use. Their sizes and characteristics

Table 1. Magnet characteristics
e S Matgneé “Short Pulse” “Long Pulse”
\\h‘““““m—-__ - 150(1L)60*! 150(2L)20 170(2LP)18
Coil
type 1 layer 2 layer 2 layer
outer diameter (mme) 150 50*2 170 80*?
inner diameter (mme) 60 20** 84 18**
length (mm) 80 60*2 130 100*?
windings single single multi
(turns) 12 5% 491 222%2
wire cross-section (mm X mm) 5 X 45 8 X 15*2 2 X 4
inductance (uH) 6 7*2 17.5 mH
resistance (mQ) 20 30*2 175
Capacitor Bank D-2 D-2 D-1
1.25MJ 1.25M]J 0.5M]J
Rating
max. field (T 50 70 40
pulse width (msec) 0.35 0.35 30
effective bore (mme) 58 18 16
inner dia. of He dewar (mmg¢) 26 6 10
repetition rate (hr=?) 2 2 2

+ 1 notation: outer diameter (number of Layers) inner diameter. LP stands for “Long Pulse”.

+ 2 These value are for the inner coil. The size of the outer coil is same as that of one-layer coil 150

(1L)60.

+3  The values in the left are for the outer coil and those in the right for the inner one.
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are listed in Table 1. The intensity of the magnetic field is detected by using pick-up coils
and calibrations of the coils are accomplished by the method of ESR with the FIR laser. This
method allows the accuracy of field intensity measurements to be +0.3 %.

The cross-sectional view of the two-layer ‘Short Pulse’ magnet 150(2L1)20 is shown in Fig.
1. The inner-layer coil and the outer-layer coil are connected electrically in series and pulsed
current is provided with 24 coaxial cables. Pulsed current flows through the shaded area of
the magnet. The magnet is operated at room temperature and dewar vessel with a sample is
inserted into the magnet. The magnet filed distribution along the axis of the magnet is also
shown in Fig. 1. The field A (or B) is produced when only the inner coil “a” (or outer coil

“b”) is operated and the field A+ B is generated when both “a” and “b” coils are operated

cooperatively.
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Fig. 1. Cross-sectional view of the two-layer magnet and the field intensity distribution on the axis of the

magnet.
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The ‘Long Pulse’ magnet consists of two-layer magnets which are multi-winding so as to
obtain a large inductance. This magnet is operated immersed in liquid nitrogen to reduce
electric resistance. Because the pulse duration is longer, the metallic parts such as
waveguides made of cupric nickel (German silver)for microwave propagation are available

without severe heating due to eddy currents.

3.2 3He cryostat
A conventional single-shot type *He cryostat has been developed for the magnetization
measurements. [3] The cut view of the cryostat with the magnet location is illustrated in

Fig. 2. The magnet is 150 (1L)60, 7. e. a single layered magnet with an inner diameter of 60

_3He PUMPING TUBE
—EXCHANGE GAS TUBE

T——QUARTZ STEM

UP COIL

—/— ADIABATIC CHAMBER

/
MAGNET: 150(1L)60

Fig. 2. Cut view of *He cryostat for magnetization measurements.
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mm and maximum field of 400 kOe (only “b”
coil in Fig. 1). Such a large magnet enables )
Bakelite
us to perform the experiments below 1K.

The dewer vessels are made of glass with ./
partially silver plating to avoid the skin

effect and eddy current heating due to the ?

pulsed field.

~
g
L
N

The sample is mounted on the end of teflon
tube (3mm in outer diameter) with a teflon E

holder and best position is adjusted by this

e

teflon tube. The two-turn field-pick-up coil is

wound outside of the adiabatic chamber and

the magnetization-pick-up coils are wound on

the Bakelite bobbin, as shown in Fig. 3,

which is set immmersed in the *He chamber Fig. 3. Cut view of magnetization pick-up coil
and supported from the top flange by Ba-

kelite pipe and quartz pipe.

The technically important point of the magnetization-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. 4(a). [5] Coil ‘A’ (about 100 turns) pick up the magnetic
flux change of the sample while the coil ‘B’ (about 50 turns) is wound in the opposite
direction with respect to ‘A’ in order to compensate the background flux change. 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. Fine adjustment is done by adjusting the output from the one-loop coil ‘C’
using bridge balance circuit as shown in Fig. 4 (b). The output signal of the bridge balance
circuit is proportional to dM /d¢ but still contains 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 /df is obtained by the difference
of these two data. The field derivative of magnetization dM /dH is calculated by dividing
the subtracted data dM /d¢ by the signal dH /d¢. The field and magnetization pick-up coil are
calibrated by single crystalline MnF, as the standard specimen using its spin-flop transition
field and the susceptibility above the transition.

The exchange gas chamber, as well as the dewar vessels, is silvered along the inside wall

with two vertical slits of about 5 mm wide. The slits are necessary to cut the current loop

11
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(a) Pick up coil

QJ%{ o

(b) Signal Transmission
,Shield

Bridge Balance >
Circuit Digital
Recorder

Fig. 4. Schematic view of the pick-up coil winding and the bridge balance circuit for the fine compensation.

along the wall. However, they cause heat inflow of about 80 u4W to the liquid *He due to
light. The volume of liquid *He is about 4 er and an experiment in 4-5 hours can be done
after a condensation of *He under usual conditions.

Figure 5 shows the diagram of the pumping and storage system to handle the *He and
exchange gas (*He). The ®*He gas is pumped with a hermetically sealed rotary pump (DAIA
CRP-100S), with a pumping speed of 100//min. The turbo-molecular pump (BALZERS
PFEIFFER TSU-100) is introduced to obtain high vacuum in exchange gas chamber in a
short period after *He is condensed. Vacuum of 2x107% Torr (2.7x10~* Pa) is obtained in
15 minutes. The temperature of *He bath is controlled by regulating the vapor pressure,
which is measured by diaphragm vacuum gauge (BARATRON) and the McLeod gauge

through the tube connected to the sample.
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Fig. 5. Schematic diagram of *He cryostat and gas handling system. A Kenny pump to reduce the tempera-
ture of ‘He bath not shown. The diagram on the left side shows the data-processing system for
magnetization measurements.

3. EXPERIMENTAL RESULTS BELOW 1 K

There are several experimental studies for which the measurements below 1 K are very
effective. One of them is the observation of magnetization curves. The smoothing effect due
to finite temperature sometimes prevents clear observations of the steps. In these cases, it is
necessary to cool the samples down to lower temperatures beyond the conventional tempera-
ture of 1 K or higher. Experimental results of chromium-ion trimers [4] and Haldane

compounds [6] performed below 1 K are illustrated as typical examples.
3.1 Ground State Crossover in Cr-trinuclear Compounds

3. 1. 1. Introduction

Much work has been done experimentally and theoretically on the magnetic properties of
chromium complexes containing Cr®**-ion trimer. One of them is
[Cr,0 (CH,CO0), (H,0),] Cl-6H,0, which is hereafter called Cr-acetate. Another is Cr-
propionate with the chemical formula of [Cr;O(C,;H;COO)s(H,0);] NO;-2H,0. In these

complexes three chromium ions are clustered together through a triply bridging oxygen ion

13
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but widely separated from all other chromium triads in the crystal. [7, 8] In 1928, Welo
reported the paramagnetic susceptibility in the temperature range from 200 to 300 K with
the Curie-Weiss constant of — 93 K for Cr-acetate. [9] Kambe in 1950 introduced the
exchange coupled trimer model where the antiferromagnetic exchange interactions between
ions in a trimer are assumed to be equal. [10] In 1954, Wucher ef al. [11] extended the
measurement of the susceptibility down to liquid-helium temperature and proposed a model
that the trimer is not equilateral but isosceles as is schematically shown in the insert in Fig.

7. The exchange Hamiltonian is written by

241U
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Fig. 6. Exchange coupling of equilateral trimer model. The energy levels, the ground-state crossover due
to Zeeman splitting and magnetization curve at zero temperature are schematically shown.
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Z’:_Z.Io(slsz+szsa+sasl) _2.]131321 (1

where §,;, S; and S; are the Cr®* spins of S=3/2, the exchange coupling parameter J, is
negative and | Ji//y | €1. The exchange parameters in Cr-propionate are estimated to be
Jo=-13.5 K and J,=-1.9 K by the optical measurement done by Morita ef al. [12]

The schematic energy level diagram of the trimer spin system is given in Fig. 6, where J,
is neglected for simplicity. Detailed level structure with J for the ground and the first excited
state is shown in Fig. 7. The ground state of the trimer is the spin doublets (S=1/2)
reflecting the antiferromagnetic interactions between spins and the first excited states of S=
3/2 lies 3|/, | above the ground state. In a strong magnetic field, therefore, the ground-
state crossover is expected at H, as shown in Fig. 6. This phenomenon can easily be

detected in the magnetization measurement because the magnetic moment below H, is one

9 24 | Jol @
557

Q
f s s G)—()
i 2 ; o+
s}
c
= 5 BlJo[
> S5=3
gi 2
W 3 31 Jgl SR
S=E -
_‘ =
A
1 42
Y |
s=% _______ ‘A__ A
J1=O J1>0 J1<0

Fig. 7. Energy level splitting due to J/, term and energy gaps.
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Bohr magneton while the moment above H., is three times larger than the low field value.
The energy gap A between the ground and lowest excited state is thus obtained by accurate
determination of H..

The increase in the magnetization at 7" =0 should be sharp, 7. e., an abrupt magnetization
step is expected at [, as shown in Fig. 6. At finite temperatures, however, the step is
broadened due to thermal population of the spins and clear observation of the step is
prevented. Therefore, it is necessary to cool the specimen down to lower temperatures
beyond the conventional liquid helium temperature of 1 K in order to obtain the precise

value of H..

3. 1. 2. Energy levels and results

The energy levels given by the exchange Hamiltonian of eq. (1) are calculated as [13]

E(S, S)= J{45/4-S(S+1D)}+ N{15/2-S (S’ + 1)}, (2)

where S=8,+S5,+S; and $’=8§,+S,. The magnitudes of gaps A, and A, in Fig. 7 are

calculated from eq. (2) as

A=3|h|-6]|/] for J,>0,
A,=3|L]-2|]] for /,<0.

In case of Cr-propionate (J; <0), the value of gap is calculated to be A,=36.7 K. [12] At
sufficiently low temperature, almost all spins occupy the ground level. Then the energy-level
crossing which is related to the stepwise increase in the magnetization occurs at the critical

field H, given by,

gﬂBHc - Az (4)

The magnetization curves of Cr-propionate is shown in Fig. 8(a). The ordinate is expressed
in unit of the Bohr magneton per trimer. The initial stage of the magnetization process up
to about 80 kOe corresponds to the paramagnetic saturation of the ground state doublet. A
large hysteresis for increasing and decreasing curves is observed in the low temperature
region. It is attributed to the magnetocaloric effect, which acts as exothermic in the increas-

ing field while it is endothermic in the decreasing one.
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Fig. 8. Magnetization curves of (a) propionate Cr-trimer with one kind of trimer and (b) acetate Cr-trimer

with two kinds of trimers.
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The magnetization increase due to ground-state crossover is observed at H. =272 + 4
kOe and becomes steep as temperature decreases. It should be noted that the crossover field
H. is able to be precisely determined from the sharp maximum peak in dM/dH curve
obtained at the lowest temperature of (.6 K. The hysteresis around H. is hardly observed.
The energy gap A, is obtained as 36.7+0.5 K by assuming g=2.0. The energy gap agrees
well with the optical data of 36.7 K.

On the other hand, Cr-acetate has been suggested to have two (equimolar) dissimilar
trimers in low temperatures. The corresponding gaps are estimated to be 37.9 K and 43.8
K and the magnetization curve is expected to give two-step increase at H, and Hc,. The
experiments performed only below 1 K could reduce the line bloadening effect and reveal the
two-step increase, as shown in Fig. 8(b). However, the details of the experiment and analysis

are given elsewhere [4] because of the length of this article.
3. 2 Haldane gap in S=1 linear antiferromagnets

3. 2. 1. Introduction

There has been an increasing interest in the spin wave energy spectrum of the one-dimen-
sional Heisenberg antiferromagnet. In 1983, Haldane predicted that the one-dimensional
Heisenberg 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. [14] In the case of spin S=1/2, the eigen state energy was calculated exactly
by Bethe using so-called the Bethe ansatz method.[15] No energy gap exists above the ground
state. Magnetization and susceptibility curves have been calculated by Bonner and Fisher
[16] and corresponding much experimental work has been accumulated. The one-
dimensional Heisenberg antiferromagnet system has been believed to have no energy gap
irrespective of the spin value.

The prediction by Haldane is now well supported theoretically by numerical calculations
and exactly solvable model. [17] The value of this energy gap E; in one-dimensional

Heisenberg antiferromagnet with S=1 with following exchange Hamiltonian:
%:’jg Sij+11 (5)

has been estimated numerically by Monte Carlo method to be E,=0.41 |7 |. [18]
The presence of the uniaxial anisotropy (DS,?) is inevitable for S=1 systems. Further-

more, the interchain exchange interaction (/')always exist in real materials. Botet et al.
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[19] have done a finite-size-scaling study of the S=1 one-dimensional Heisenberg antifer-
romagnet with D-term. The lowest excited state they considered is triplet, which corresonds
to an excitation with total spin 1 from the ground state. The excited triplet splits into a
doublet and a singlet due to the D-term. An effect of single ion anisotropy term DS,? on the
Haldane gap has been considered and it has been shown that the Haldane gap exists for
—0.29<D/|J | <0.93. Moreover, Haldane gap is also stable when the interchain
exchange interaction is small. [20]

CsNiCl; was first tried to observe the Haldane gap. Buyers et al. [21] and Steiner et al.

[22] have done neutron scattering measurements and suggested that their experimental
results support the existence of the Haldane gap. However, the interchain exchange interac-
tion J’ is not negligible in comparison with the intrachain exchange interaction J in this
compound (7y=4.9 K), so that it is difficult to observe the ideal Haldane state at enough low
temperature.

Renard ef al. have found several organic compounds which contain Ni** chains and have
done suscetibility [23, 24] and neutron scattering [23—26] measurements on single crystal
samples NENP and NINO with the chemical formulas Ni(C,HN,),NO,(CIO,) and Ni(C;N,
N,).NO,(ClO,), respectively. These compounds show no long-range magnetic order down to
0.5 K reflecting negligible interchain exchange interaction and regarded as suitable mate-
rials for testing the Haldane gap. Although high field magnetization measurements on single
crystal samples of NENP and NINO have been done by us, the whole magnetization process
until the saturation magnetization have not been observed because the exchange interaction
J is still larger compared with the maximum field in our magnet.

Recently, another new Haldane gap material TMNIN: (CH;),NNi(NO.), has been found by
Renard ef al.. [26] The crystal structure is similar to that of well-known one-dimensional
antiferromagnet TMMC ((CH,),NMnCl,). Nickel ions are located along c-axis and they are
bridged by three nitrite anions. The Ni-Ni distance is equal to ¢/2=3.54 }?x This bridging
mode of the nitrite anions Ni-(NQ,),-Ni is quite different from the one in NENP and NINO
which have the chain structure Ni-NO: -Ni, as shown in the insert of Fig. 9. The chains are
well separated by tetramethylammonium cations. Preliminary susceptibilty measurements
show that the exchange parameter is small compared to NENP and NINO. The powdered
sample is used for the magnetization measurements, and we can observe for the first time the

whole magnetization process clearly by reducing the sample temperature below 1 K.

3. 2. 2. Experimental results

19
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Fig. 9. Temperature dependence of the magnetic susceptibility in the powdered sample of TMNIN. Insert
shows the chain structure of the specimen schematically.

Magnetic susceptiility datum of powdered sample of TMNIN is shown in Fig. 9. As
expected for an antiferromagnetic chain system, the susceptibility increases as temperature
decreases and shows a round maximum at about 15 K. At the low temperature region, the
susceptibility decreases exponentially reflecting the existence of the gap. Above 20 K, the
susceptibility is well understood by the orthodox model for the S=1 one-dimensional
antiferromagnet with J=-12K and g=2.25. [26]

The high field magnetization curves of a powdered TMNIN up to 40 T at the lowest
temperature of (.55 K is shown in Fig. 10. The whole magnetization profile of TMNIN is
similar to that of one-dimensional Heisenberg antiferromagnet with S=1/2 except for 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 Bonner [27] is shown by
a dotted line with the parameters of | J | =12 K and g=2.25. The agreement is satisfac-
tory without the low field region where the theoretical calculation is not completed.

Magnetization curves up to 4 T at various temperatures are shown in Fig.1l. The

20
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Fig.10. High field magnetization curve of TMNIN at (.55 K. Dotted line shows the
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Fig. 11. Temperature dependences of magnetization in pulsed field up to 4 T.
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magnetization is almost linear 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

same as in NENP and NINO. The sudden increase of magnetization around 2.5 T corre-

sponds to the crossover from the nonmagnetic ground state to a sublevel of the excited

(arb.)

dM /dH

4.2 K

1 i i
1.3 K

1 I A —
0.88 K
0.75 K

i 0.54 K

0 10 20 30 40
Magnetic Field (T)

Fig.12. Temperature dependences of dM/dH of TMNIN. Dotted line is the theoretical curve given in ref.

28.
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triplet.

The temperature dependence of the field derivative of magnetization curve dM/dH is
shown in Fig. 12. Sakai and Takahashi [28] have done numerical diagonalizations up to
N =16 on the S=1 one-dimensional Heisenberg antiferromagnet [28] and obtained the
magnetization curve and the field derivative of magnetization curve dM /dH . The theoretical
dM /dH curve is also shown in Fig. 12 by a dotted line, and is nicely in accord with the
experimental curve. 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 E, is estimated to be 4.1 K.

The obtained relations between the Haldane gap energy FE, and the intrachain exchange
energy J is E;,=0.34 | J | in this compound. Collecting the results of the other various
materials, [29] the relation is understood by the expression E;=(0.35 = 0.05) |/ | which
is close to the theoretical value of E;=0.41 | J | . [18] 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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