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PART 1 1. Introduction 

The electron spin resonance (ESR) gives informations around 

the resonance center and much work has been done in various 
TECf町IQUES FOR MICROWAVE ELECTRON SPIN RESONANCE 

highJy correlated electron 
。、

To s u p e r c o n d u c t o r s ーノ

4 ) 
and Ha1dane materia1s 

Re cently , the1'e is an in(~ reasing interest in 

s y s t e m s s u c h a s h e a ¥' y f e r rn i 0 n s 1 ), h i g' 11 

3 ) , 10w dimensional frustrating spin systems 

ma g' 11 e t i e s y s t e m s . 
IN PULSED HIGH MAGNETIC FIELD 

Genera11y speaking , however , the spin 

ABSTRACT 

Experimental techniques of microwave Electron Spin Resonance 

(ESR) spectroscopy in pu1sed high magnetic field are described ・

resonance in these systems needs wide energy range with high 

magnetic field because the high1y correlated electron systems are 

also ruled by strong spin-spin correlations and the resonance 

condition is scattered from usua1 paramagnetic framework. 

Therefore , the standard X-band ESR spectrometer is not enough to 
l¥Ticrowaves with the wave length of 6 ........, 8 mm are tested in t11e 

cover these resonances. The present thesis aims to describe the 
system. 

The standard reflection type wave guide system is used 
deve10pment of a new ESR equipment combined with a pulsed high 

field so as to be ab1e to observe broad and weak resonance 1ines 
for t11e spectrometer with the pulsed magnetic fie1d up to 40 

Tes1a with the width of 40 msec. Both t11e rectangu1ar and 
in highly corre1ated spin systems. 

During 1ast several decades a number of researche1's have 

constructed h1gh magnetic fie1d faci1ities on pulsed or static 

。 ylir.drica1 resonant cavities are tested ar.d the 1atter system 

gives better resu1ts. 
Typical applications for paramagnetic and 

antiferromagnetic materials are presented. CuO , a parent 
汀18. nner. The pulsed fie1d techniques were pioneered by Kapitza5) 

material of the oxide high Tr superconductors , is investigated 
around 1825. He first used a battery discharge through a sma11 

and a very broad paramagnetic resonance 1ine is found. 
Thε low resistance coi1. Late 1', he deve10ped an e1ectromechanical 

linewidth is larger than one Tes1a and it is proved that the 

me t h 0 d wh e n L� e 1 i n ew i d t h i s e x t r eme 1 y 1 a r g' e • Ot11er two 

system by which stored kinetic energy in a rotor was transferred 

、 Ð ) 
to a magnet coil to produce over 30 Tes1a(T)~/ . On the othe1' 

ウ\

hand , Bitter constructed a D.C. high field magnets at MIT ‘ / and 

this was a breakthrough in 11igh D.C. field beyond the iron core 

pulse field reSc"nal1ce :s better than usua1 f1eld modulation 

examples , the antiferromagnetic 1'esonance (AFル1R) in NdnCuO , and 
2 "'''''"''4 

Mn impurity spin resonance in CSCOCl
3 

are described ・
magnet system. Nowadays , the superconducting magnet can produce 
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D.C. fie1d up to about ~O T
8) and a steady [ie1d of 31 ・ 1 T is 

p r o d u c e d b y t h e hy b r i d lna g n e t9). 

S 0 [ a r , l 11 e m駘 g Il e t i c [i e 1 d 11 i g h e r t h a n 4 0 T c a n 0 n 1 y b e 

ef[ect and a strong squeezed fOl'ce acting on the cavity. 

Considering these facts , we 113ve deve10 p ed 丘 nother "10ng-pu1se 

obtained by the pu1sed system. The maximum fie1d 8ttι inab1 e is 
magnet" with t11e pu1se width of 40 msec. A1thoug11 the maximum 

1imited by the mechanica1 stl'ength of th� coi1. 
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fie1d is 40 T and it is about ha1f of the short-pu1se magnet , the 

t111s dj[ficu1ty by using mu1ti-1ayer coi1 and produced a [ie1d of 
sk.in deptl1 is about ten times 1arger than in the short-pulse 

the difficu1ty in the ~臼. \' ity design is rerr:oved. The 10 � T. The current donsities of al1 coilsυ 1' e control1ed so as 
汀lagne t 3.nd 

to keep equa1 forces wi thin tlle n出 terial strength. For 
P舐t 1 ∵ tlle pl'eSellt paper glyes t11e tecl�icJ.1 de¥"e1opment of 

the microwave ESR in use of the 10ng-pu1se magnet. 

Historica11y speaking , high fie1d ESR in t11e micl'owave 

15) 
region was initiated by Fon er ~vJ in 1957 in Nationa1 Mム gnet

practica1 use , one-1ιyer coi1 with maximum fie1d o[ 50 T in 60 口 un

bore and two-layer coi1 with 70 T in 20 mm bore are avai1ab1e 

with pu1se duration of 0.4 msec. 

Many kinds of measurements such as the magnetization , 
Laboratory of MIT. He used so ca11ed Foner-Ko1m magnet which is 

magneto-resistance , magn e to-striction , magneto-optics and 
made of bery11ium-copper he1ix coil. He observed AFMR in 

15) __-l r<_  " 16) 
MnF2~~1 and cr203~~J and EPR with large zero-[ield spl~ttings 

3+ 1 7 ) However , his magnet was not so such as V in A1η0 3 
submi11imeter wave or far infrared e1ectron spin resonance (FIR-

ESR) have been carried out by using a series of mu1ti-1ayer coi1s 

in the High Magnetic Fie1d Laborato1'y at the Research Center for 
convenient for general microwave measurement because of the short 

Extreme Mate1'ials o[ Osaka university11). 
pu1se duration of aboutμsec . Moreover , it was difficu1t to 

The standard pulse 
make a large and high quality pu1se magnet with the Foner-Ko1m 

magnets in Osaka University first established as the mu1ti1ayer 

is less than 1 msec. The s11ort-pu1se magnets are regarded as 

design. 

Soon a ft e 1', Date and l¥1otokawa begun to observe microwave 

high fie1d ESR at Osaka Un i versi ty , using po1yhelica1 coi1 with 

coi1s are now cal1ed "short-pu1se magnet" because the pu1se width 

the centra1 facility in our Research Center because the maximum 
electro1ytic capacitor bank which produced more conveient 

They observed 
field is 70 Tes1a(T) and the experiments below 1 K are also 

avai1able. In FIR-ESR , for eX 8. nlp1 e , mucl1 work: such as a 

..:l;円内 向ド :'::'r::-- .-, f r:.T3 牛肉・ 鼻 1 2 ) 
Ul.:>"--V -.，じ ry υL 心よ 1 L ビ l.' ÙI ， e ぷ ρ ピ rli C!ent of e 入 Cii a nse s p l i t1i n g13) a Ild 

magnetic fje1d up to 20 T in 1iquid he1ium dewar. 

18) 
a new type magnetic resonance in CoC122H20...

VJ in 1965 and it was 

内 19)
ana1yzed as the spin-c1uster r esonance~V J ， which was the [1rst 

discove1'y o[ an excitation o[ localized magnons in the .sing-like 

20) 
The simi1ar resonance was done in FeC12 spin system. A 

varlOus l'esonances in 10¥¥" dimensiona1 magnetsl-1) llas been done. 

However , t11e short-pu1se magnet is not convenient for the 

mlcrowave ESR because the usual metal1ic resonant cavity is not 
21) 

typica1 high fie1d AFMR was found in NiC126H20 The impurity 
applicable to the ESR study because of a heavy eddy current 

-3- -4-



り ーι
spln resonance o[ Mn >

22) ,.. 2+ _ ~ in CüC lη :2 Hηo 4.. "- J a n d 1'¥l1n':"-0 r :r e ,j + i n 
ι， ι. 

2. Experimental System 
η '1 '. 

FeC1 2 '-υ I ¥V e r e i n v e s t i g a t e d t 0 s c e t 11 e i n t e r a c t i 0 n b e t ¥¥1 e e n t h e 11 0 s t 

ιII d t 11 e i fIlP U l' i t Y s P i n s • 

2.1 Microwave System 

In a decade of 19 70 , thc microwave ESR work was closed in Microwaves are generated by klystrons and the standard 

OS J. K と1 U 1l i v e l' s i t Y b e c a u s e 0 [ t1-j e n e w d e v e 1 0 P lTJ e n i_ � [ rn U 1 t i 1 a y e l' reflection type wave guide system is adopted , as shown in Fig. 1. 

n I駘.. g n e t s y s t e m s a. n d ma i II e f f 0 r t W II S P 0 i n t e d ~ 0 t h e F 1 R -E S R , a s i s l-';o [,M, AM and magnetic; field modulations a.re u 凶 ed because these 

dese:ribed. H 0 we v e r , i t i s l' e ¥" i t a 1 i z e d b Y t 11 e p l' S e 11 t a ぃ th o r a l' e i n a d e q u a 1 e 1 0 a. p p 1 Y t 0 t 11 e p u 1 S e f i e 1 d s P i n r e S 0 n a n e e • 

since the eonstruction of a long-pulse magnet. 'l'he present Tllere[ v re , the ESR sensitivity is l10t so high c~ompar ed to the 

p a p e r d e s c l' i b e s t 11 e t e c 11 n i c a 1 d e t a i 1 s i 11 P a r t 1 a n d Illa i n superheterodyne or field IlIodulation systems. Ho\vever , the 

e x p e r 1 me n t a 1 r e s u 1 t s w i t h a s p e c i a 1 � n t e r e s t ﾍil t h e Ha 1 d a n e g a p 

4) 
problem"X

J will be shown in Part 11. 

} transient ESR signal under the pulsed field scanning gives 11刕h 

frequency Fourier components which are amplified by a band-pass 

amplifier and the minimum detectable spins with the linewidth of 

15 __,__ 1__22) 
one gauss are substantially in the order of 10~~ spins/ 

Mor e over , t11e present method is very effective to observe broad 

resonance lines such as the width lar ~e r than 1 T , as will be 

s h 0 Wll 1 a t e r . Klystrons of 35V11 and 50V10 made by OKI Electrc 

Industries are used through the present study. The former 

generates 30 ", 40 GHz and the latter gives around 50 GHz waves. 

The comparison diagram of the research region fo1' t11e resonance 

energy eov 匂 r と d by the present work and the FIR-ESR study is shown 

in Fig. 2. It is noted that the magnetic field of 40 T 

corresponds to t11e standard paramagnetic resonance of about 1 THz 

and use of Carc inotr・ ons may be a desirable extellsion in future. 

Th e e 0 8. X i a 1 じみ vity may be necess 臼_ l' y when low frequeney 

rnic l' owa ves , 10 GHz for example ，臼1' e used. 8igh Q-value of the 

(~avity is not expected in this ease so it is not tested in t11e 

present work. 

In the previous work , Date and Motokawa used the 

R
d
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transmission type microwave spectrometer fo1' the pulse fjeld ESR. 

It is easy to fjnd the resonance signal but needs much space. 

Tll e r e f 0 r e 1 t 11 e r e f 1 e c t i 0 n t y P e c a v i t Y i s u s e d i n t 11 e p r e s e n t 

2.2 Resonant Cavity 

A c鵯vity size is lirnited by the il¥Iler diameter of the dewar. 

study. There is no big difference in these systems. 
Fig'ure 3 sllows the dimensions of employed cavities. The 

Y 七 c t a n g u 1 (J. r c 飩 V i t i e s a. r e ma d e f r 0 m t h e 以 sual eopper-nickel 

W éJ ν ビ gu i d e w i :: l� t 11 i c I~ n e s s 0 f O. 3 ,,-, 0 .::; rfllll a n d t 11 e c y 1 i n d r i c a 1 c a v i 1 Y 

i s rnad 己 o f b r 8. S S w i t h t h e wa 1 1 t h i c k n e S s 0 [ O. 3 rmn. Copper-

� i c k e} a n d b r B. S S a r e u :.と d as a cavity material to keep enough 

penetration of the pulsed magnetic field. The penetration is 

mOl'e than 99 % in our cavity systerns. e
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cavity , however , is much smaller than that of the copper cavity 

due to high electrical resistivity. Theref ore , a cylindrical 

cavity is used to have high Q-value. The Q-value is measured in 

the following way. A s s h 0 wn i n F i g. 4 , t 11 e k 1 Y s t r 0 n 0 s c i 1 1 a t i 0 n 

mode is displayed when reflection voltage is modulated and a dip 

due to cavity resonant mode appears in the oscillation mode. 

Then the Q-v ~ lue of the cavity is easily estimated. The 

obtained Q-curves for both rectangular and cylindrical cavities 

are shown in Fig. 5 with the Q-value of 900 and 2500 , 

respect ively. A plunger is used at the bottom of a cavity to 

have best tuning. It is useful to insert choke plungers in the 

cavity. The cavity is shielded to prevent liquid helium inside. 

The modes of rectangular and cylindrical cavities are referred to 

TE10n and TE11n respectivc ly , bcth of which have rf-magnetic 

field perpendicular to the pulsed fielJ- direction at the bottom 

of the cavity , as shovln in Fig. 6. 

The optimum sensitivity is achieved by tuning the coupling 

coefficientβdefined by 1he cavity Q-value Qn and the coupling Q 
。
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Liq.He 

" 

TO MAGIC T 
2.3 pulsed Magnet 

Liq.N2 

Two types of long-pulse magnets with dirferent pulse width , 

inner diametel' an� nlaximum f ield (λ: 80 msec , 18 mm(� and 4:0 T; B: 

lS0 msec , 28 日m砂はnd 2G T ) 臼 r e designed and constructed ・
Figure 

9 is the cross-sectional view of the A-magnet ・
The magnet lS 

composed of two lay e r s , according to the multi-layer thecry of 

rlla g n e t • 
The coils are cooled dO¥¥TI to liquid nitl'彅 en 

temperature and the cut view of the cryostat vessel is shown ll� 

Fig. 10. 
The vessel is conventionally made of stainless bowl 

COPPER-NICKEし with urethane foam heat insulation and no vacuum system IS 

employed ・ The winding material is Cu-Cr-Zr with a cross-sectlon 

2X3nvrl2. Th e t o t a 1 11limb e r o f w i n d i n g s a r e220 a n d490 f o r t h e 

inner and the outer coils , respectively. 
Ea c h c 0 i 1 1 S 

reinforced with Kevlar and glass fibers impregnated with epoxy 

り

resin under a pressure of 50 kg/cm~. 
These magnets are 

convenient for the measurements of conductive materials and for 

the experiment of high-field microwave ESR ・
Figure 11 shows the 

magnetic field generated with an example of the ESR measurement 

of DPPH , which is a st�.ndard paralllagnetic sarnple ¥';ith g ニ 2 . 0 and 

used for field-calibration ・
The study on the Haldane problem ln 

Part 11 has been ~ one by using the A-magnet ・

The 500 kJ D-1 capacitor bank has speciallY designed 

C AViTY 
pl'essurized air gap switches 弘 nd a large crowbar r8sist は llce ¥1 Q) 

to drive long-pulse magnets with low current rate of 10 kA ・
A series of test of the pulse field effect on the copper 

pipes was done in the course of development as shov、' n i n F i g ・ 12 ・
Fig. 8. Cut-¥'iew of the ESR cryostat setting in the dew3.r. 

-F,, 1

ム

d bv the force acting on the fieldｭ
The metal tube is compressea uy 

-18-



Inner Coil 

t
i
l
l
-
-

十

u
 

p
 

n
 

4
L
 

n
 

e
 

v
i
 

v
l
 u

 

p
」

Dewor 

Output 

Coil 

Liq.N2 

しong Pulse Magne• 

~ 
STAINLESS 

Sï三EL

Eヨ Liq.N 2 Vessel 
いよ」

田園圃圃

COIL -END 
D 2 4 6 8 10 cm 

Fig. 10 ・ Cut-view of t11e dewar setting in t11e long-pulse rnagnet and 

liquid nitrogen vessel. 

Fig. 9. Cut-view Gf the long-pulse magnet. 

-20-
Q
J
 

1
4
 



(..._, 

0 

C
〉
」
「
}
川

。
{
}
〕
-ーー

cコ

-
)
1
Hコ
戸

、

C
P
H
m
v
L

一
-
一ω
戸

-
Z
O
O

旬

__, 
Cコ

ロ
ム
円
山
口
」
0

円U
〉
旬
コ
ハ
)

o 

..__, 
0... . 
..... .てコ

0 ....... 
∞(!) 

iコ-ー
〈い

υ

司
〕
ο

こ
切
のF
Z

.

戸
H
・

w
一
品

Cu-tubes 

-22-

pulse 邑1\ ort-and long-the by of t e s t Compression 
-
ｭ

n
1』

Q
】

1
i
+
L
 

e
 

・

n

げ
b
c
b

・
1
1

・
日

U

F

m

 

，同h、

υ
φ
ω
 
Fヒ

、-

。
ε

喝回d

Cコ
グ〉

o 
p、a

。

o 

c
o一w
a」O
ω
D
U
\
\

、

ー
よ

「
乙

。
」
2
g
φ
a
ε
h
w
ト
ε
o
o
α
 

工
仏
色
。

ザ
一C
コ

.
0」
ο



illduced electrica.l current in the tube. The effect of the 
2.4 Test Experiment for the System 

s 11 � r t -P u 1 s e rna g n c t i s s eεn in the lower photograph , where the 

copper tubes are squeezed seriously , ~七 ereas the upper tubes , 

exposed in the long-pulse magnet , are not deformed at 3.11. 

ESR experimental test y¥ias done usil�g' paramagnetic MnSO~4H{)0 O"~ ~. 'J  .....~~4 ~.~2 

at room temperature and DPPH which is a standard paramagnetic 

s llrnp 1 e w i t 11 g ニ 2.0 at liquid helium temperature. The data at 

τ11 e r e [ 0 r e , u S e 0 [ t h e 10 n g -p u 1 s e ma g n e t i s ve r y e f f e c t i ve wh e 11 

m e L a 1 b 1 0 c ~ a. r e n e c e s s a r i 1 Y i n t ]' 0 d u e e d i n ma g n e t i c f i e 1 d . 

l' 0 0 m t e mp e r &. t u r e a r e s h � wn i n F i g s. 1 3 a 11 d 14:. Two absorption 

p e"土 ~s are found in Fig. 13: one is �served in the increasing 

f ield and 11le ot1¥e1' is seen ln tl18 correspυndl11g decre�.sing 

field. F i g u r e 1 4 d i s P 1 a y s t h e ITJ�i g n e t i c r e s � n a n c e a s a r u n c t i 0 n 

υr magnetic rield. 1n decreasing temperature , tl�e resonance 

frequency of the cavity shifts to the higher freguency due to the 

contraction or the cavity. The frequency shirt from room 

temperature to liguid nitrogen temperature is large , whereas the 

shift below liquid nitrogen temperature is very small. The 

cavity was sealed by soldering wood metal to prevent liquid 

helium inside the cavity to avoid the resonant frequency shift 

and bubbling noise. Figure 15 shows the noise level of the 

cavity with liquid helium. A large noise level is quenched by 

extracting liguid he1ium from the cavity. 

O2 contamination in t11e cavit~y' shou1d a1so be noticed in the 

experimenta1 process. As well k nown , 0ηmolecu1e has spin 
白

24) 
S=I-.' and air contains 20 % of oxygen. The data shown in Fig. 

16 are obtained when osci11atory magnetic field is a ド plied .

It is noted t11at zero field corresponds to the center � chart. 

tlic ESR 乱 b sû rpt 101¥ is seen �l'Olll 1"OOnl temp e l'は tU l' e (0
2 

g'as) to 

liquid nytrogen tempel'ature (0η1 iquid). The 0ηsignal is 

eliminated by exchanging air with helium gas. 

っ
J

「
ノ
』
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3. Examples of the Measurement 

3.1 CuO; one-dimensional system wlth large anlsotroplc 
ηrぺ l

exchange fleld “ υ / 

l'ectangular cavity [01' 3. microwave of 45 GHz. Tbe observed 

paramngnetic resonance 1ine with t11e width of about 1.6 T .'1t room 

t e lflp e l' 臼. tu re is shown in Fig. 17. The g value is estima1ed 10 be 

Recent1y , ﾐ.ntiferrornagnetic insulator cupric o x: ide , CuO , has 
2.0 with a slight temperature dependence , as is sllown in Fig-. 18 , 

been ilJvestigated extensive1y in associatioJI wi1h the interest il1 

c up r a t e h i gh Tc s u p e r C O11d u c t O I-S26-30)wh e r ema g Ile t i c c o up l i i}g 

where the 1 inevvidth is 日 lso g'iven. The linewidth dec1'eases as 

temper 臼Lture decreases and the broadning due to critical slowing 

lJ etween ご u spins via oX:Yfen atoms is believed to have important 

つ 1 、

d o wn i s f o u11dn e a r Tk d A f. Tl� line sha.pe is illvestiga1ed by 

relation 10 tl� supercol1ducting me c: hal1isnl ・ The magnetic 
c:!ornparing th8 Gaussian and Lorentzﾎ3.n shap e s , as was done by 

susceptibi1ity meas ure men t , wl�ch was [irst done by Honda and 

Ishiwara
31

) , was extended by using pulsed high field27) below the 

Neel temperature of 230 K 32 , 33) , and the one-dimensional 

character with t11e intrachain exchange interaction JO / Iく o [ 400 K 

Dietz et , 
、
、，
J

-
F「d

つ
ο

-
可
l
4

9
U
 

and t11e resu1t is given in Fig. 19. The line 

shape is between these curves , ref1ecting the one-dimensional 

。 haracter . The analysis is carried out by using the line shape 

in the field region above the resonance center because a small 

was obtained. The spin-flop transition in the antiferromagnetic 
kink is seen around 1.0 T. The observed broad linewidth may be 

state was found and the related anisotropy field was determined 
understood by the presence of the anisotropic exchange 

to be 1.0 kOe. 
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The magnitude of the anisotropic exchange 

We have observ 己 d the electron spin resonance in CuO powder 

っ

interaction is usually given by (ム g/g)~JO) where JO is the 

with t11e purity of 99.999 %. It is noted that no resonance is 
isotropic part of the main exchange interaction in CuO. The 

found in CuO when tlte standard ESR spectrometer is used26) The 
frequency representation of the linewidth under a strong exchange 

37) 
narrowing with the frequencyωis given by 

e celltra1 -.idea o[ the present experiment is to use a pulse magnet 

for detecting a very broad resonance line. The standard fie1d 

e
 

ω
 

,,,
r' 

n
rlH
 p

‘ 
ω
 

一一ω
 

( 2 ) 
modulation method detects the differential signal of absorption 

s 0 t 11 a t t h e s i g n a 1 i s v e r y we a. k w h e n t 11 e r e s 0 n a n c e 1 i n e \,' i d t h i s 

'Nh e r e t 11 e rna i l� P a r t 0 [ωin CuO mby be due to ( ム g / g) 】も
P 

も / k
v e r y b r 0 a d) w h i 1 e t 11 e p u 1 s e f i e 1 d E S R c a n s e e t h e w 11 0 1 e r e S 0 n a n c e 

profile with large fie1d scanning. Therefore , ESR signals with 
i s r 0 un d 10 b e -i 00 E b Y , t l� e ma g n e t i c s u s c e p t 1 b i 1 1 t Y , a n d ム g ノ g 1 S 

2 ト
of the ordel' 0 . 2 , which is common '¥.:alue [or Cu- because of usual 

g ム ニ 2 .0 -2 . 2 and g =2.2-2.4. Using these va lu es , the order of the 
// 

1 i n ew i d t 11 i s e s 1 i I1la 1 e d t 0 b e O. 5 T f 0 r t h e Cu 2 
+ S P i n ・ This 

width higher than one Tesla can be observed by tbis method. 

Paramagnetic resonance at various temperatures in pulsed 

high magnetic field has been performed with the reflection type 

value is not so far [rorn the observed half width of 0.8 T. 
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38 ) 
3.2 Nd2Cu04; AFMR under the staggered field 

20 

Gaussian ~ 

• 15
1 

，-、

工
、伽圃ー・'唱

¥ 
• / I 10 ド

/ • 
、・-ー-'ー

5 ト / 

Lorentzian 

1 ~ d 2 C u 0 4 i s r e g a r d e d 8. S a p.:l r e n t rna t 12 r i a 1 0 r t h 12 12 1 e c t r 0 n 

一 r< " r"o..r¥ 39) ~ .~ r1 "'~ 11 i gh T 、 oxlde supel'conductol' XQ., <"  C~" CuQ VUJ  and vιrious e1ectronic 
~ -x --)~ ---4 

properties on this matel'l�.l lì 臼 ve been iJlvestigated l'ecently . 

• Th e rflC1 g i� e t i c p r � p ~ r t i e S d r e s kεtchιd by the strong1y coupled 

antiferromagnetic Cu :sheet al1d we駘.k1y coup1ed antiferrO匀JdgJJetic 

40-42) 
Nd spins. The magnetic susceptibility~V ~~/， specific 

iι4 0 , 4 3) _"..J _ _ .. .. _ _ _ ..J: &' &' _ _ _ .. : _.. _ _ _ _ _ __ : __ _ __ ... _ 4 4 -4 7 ) 
.ìeat~~'~U ， and neutron diffraction experiments.. .'1 revealed 

that the antiferrornagnetic order of Nd spins with the Neel 

temperature of about 1.7 K appears while the Cu spins form two-

dimensiona1 antiferromagnetic sheets below 255 K. The spin easy 

axis is determined to be along the [110] direction both fo1' Cu 

and Nd spins. The Cu spin system shows interesting successive 

magnetic phase transitions a1'ound 80 I( and 40 I'¥: but the mechanism 

46) 
is not c1ear H i g h f i e 1 d ma g n e t i z a t i 0 n s t u d y h a. S b e e n d 0 n e 

48) 
by E:ondo et al . ~u ， and two-step field induced magnetic transition 

is round. The 1'esu1ts are well explained by the phase 

transitions of the Nd spin systern under the staggered field due 

to Cu spins and various magnetic pa1'arneters are determined. 
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The e1ectron spin resonance of the Nd2Cu04 was tried by 

-1 [)) .. .・ 41¥.ontan� et a1. """1 w� t11 t1le stondard spect1'oscopy of X-band a.nd a 

bro3.d ïêsonancε1 irJ� iND.S found in tl� �.t-plane. Hùw己、 er ， th� 

t e 匀1 p e r a t u r 12 a. n d t 11 e a. n g u 1 a r d e p e n d e n c e ¥ve r e d i f f � c u 1 t t 0 

understand by the usual theory and the results rema.ined without 

explanation. Rec entl y , the e~periment is extended to the 

ri~ . 19. Line shape of pararnagnetic resonance in CuO. 
m i 1 1 i rn e t e r m i c r 0 wa v e :' e g i 0 n w i t h t h 12 h i g h f i e 1 d E S R u P t 0 1 0 T 

「
t
d

吋
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reSOllhnce r i e 1 d (~ritical the including' line.s resonance new and 
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σ 
。Nd~Cu04 of structul'e crystal 1'he La 円一 (Ba ， S 1') CuO 

ι 一λx y 
of formula. 

。• ~ 
20 . Fig. ln shown schematically 1 S and syrぽne t ry tetragonal the has 

atom Cu because La ηCuO Il 
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by using 1:11e stallù 臼 1・ d ESR spectrol1Jeter of Varian E-I09 undel' t11e 

field up to about 1 T with tbe field modulation of 270 Hz. でlte

lowest temperature of t11e study is 1 ・ 8 E which is higher than T
N 

of J.7 E. 11 0 we v e r , 0 b s e l' V e d r: S R d a t a a. r e e x p 1 8. i 11 e d IJ Y t 11 e A F 1\.任Z

model [lS w匀l be 5110\,\,1'1 la�:er and tl�s fact suggests that a 

considerable amounl of tlle sllo1'1: rallge order exists は1J 0ve T
N 

in 

はじ CG I' d with other magnetic m8駟.SUrements. 

The high field ESR data are shown in Fig". 22 , where an 

external magnetic field is applied along the spin easy axis at 

1 • 3 K. It is noted that the resonance peak near 0.8 T does not 

show the frequency dependence. Considering the fact that the 

critical field , the spin-flop field H
s
[' is about 0.75 T at 1 ・ 3

K , the observed resonance is attributed to the critical field 

resonance as is seen in CUCln2Hn050). 
2~H2 Another absorption line is 

separated from the critical field resonance at 30.7 GHz given by 

dotted resonance line with the peak near 2.2 T. The tempera.ture 

and angular dependences of the resonance line at 9.33 GHz are 

shown in Fig. 23 by black circles. No angular dependence is seen 

at 10 K reflectlng pure paramagnetic resonance signal at this 

temperature. This signal is found between 10 K and 30 K and no 

resonance is found above 30 K probably due to rapid spin-lattice 

r elaxとLtion time. The g-value is 0.8S which 﨎 not so fιr from 

the free ion value of 0.73. A noticeable angular depelldel1ce of 

the resonance point appears in 111e c-plane below 10 K and the 

temperatUl'e d 己 pend ence o[ the resonance point along t11e spin eι Sy 

1.3 K 

C
O
一

48.4 GHz 

v
a」O
ω
心
《
(lJ 
>

38.9 GHz 

ザ
ロ
一φ
α 30.7 GHz 

。 5 
Magnetic Field [T] 

aXlS 1s given in Fig. 24. Noticing the fact that T1¥J of Nd sj?ln N ~~ ~'u. "'1:" 
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system is around 1.7 K , the observed resonance shi[t may be due 
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1.0 t11e s110rt range order effect and 1.he resonance fie1d at 0 K is 
howevel' , tbe orthl'11ornbic o.nisotropy fie1d s11ou1d be taken into 

斗 c count and 1.he resonance frequencies COl'reSpOllding 1.0 eq. (-i-) 
e xtrapolat ~ d to be 1.2 工 0.1 T. An e11ip1.ic curve given by a 

dot1.ed lin E: ふ 11 0 Wll i 11 F i g. ::: :::. i s t h e t 11 e 0 r e 1. i. l: は 1 <..:Ul've given 
éJ, r e g i v e n b y 

here3.fter. 

The �bserved resono.nce urC! not explained by 1.11e standa.rd ( ω / 7 ) 2=H02 T( C1 守 C 2 )J 2 +{ 2( C l J-02)H02 -(01-C2)2/4ilJ2 ( 5 ) 

Afl¥ffi ~ li e 0 r y \ ",' i 1. 11 Bc:' ωld 11, but i 1. bec� es possible when t11e 
L r¥ 

staggered field H 
e 

The centra1 is taken into account. idea �f 
¥'.11e1'e C" and c" (ire ol'thol'11侔nbi c resonanc:e paranleters givell し y

1 L. 

the rtwde1 is that t11e Cu spin ne1.vv'ork is an1.iferromagnetii2D..l1y 

constructed wit11 strong coupl匤g parameter so tll む t 1.11e spin wave 
C , = 2 ( H 十 日 )Hr-' c()=2Ĥ  'H 1 -.... ¥ L.l A ' L.1 e / L..l E ' ' ~ 2 -...~.. A LLE' 

( 6 ) 

f1'equency is very [ar from t11at in the Nd spin system. 

Therefore , t11e Cu spins shou1d be almost at rest when t11e Nd spin 
with the anisotropy fie1d H

A 
in the c-plane and HA' fo1' out of 

system is under resonance. Then the effect from t11e Cu spin 
plane , respectively. T11e formu1a eq. (5) was successfully 

system is concentration to t11e staggered field which acts an 
app1ied to CuC1

2
2H

2
0 by Nagamiya and others and the corresponding 

anisotropy field on t11e Kd spin. The fi1'st exarnple of this 
resonance branches are shown by 1 and 11 in Fig. 25. The Nagmiya 

51 , 52) 
model was found in CoCl"ß(H"O) , __(D"O ) __v ",- , v ,-" where two dissimilar 

一 2 ~ \LL2~/l - x \~2~ / X 

antiferromagnetic systems weak1y coup1e with each other and four 

theory a1so expects the critical field resonance. These 

resonance branches a1'e shown in Fig. 25 with parameters of 

eigen modes are substantia1ly separated into two parts with t11e 

manner of partial oscillation. Tlle same idea is appl icable to 
C 1 二 1 . 7 T , C2=3.3 T , ( 7 ) 

the present case where 1.he antiferrom~gnetic characters of the Cu 

and Nd spin systems are quite diffel'ent f1・ onl each 0 tlle1'. 
so as to have a best fit with experiment l'esults. Using data of 

A c c 0 l' d i n g 1 y , t h e A FI\正R frequenciesωwith the uniaxial anis�ropy HE=3 ・ o T and H.=O ・ 1 T f r o m t h e ma g n e t iz a t i o n me a s u r eme n t , H e a11d 
A 

H
A
' are determined as 

at 0 K under an external magnetic fi�ld HO く Hsf Dlollg the spin 

easy axis are glven by 

ω / r = [ 2H" (H ̂ 十 H~ ) 
i二 r\ ヒ:

つ 1 ノ ウ
+( 日 十日)ー ) 一ー

A --e 

H
e
=O.4 T , HA'=1.8 T ・ ( 8 ) 

, 
ハ
U
U

マE
E
A

マ
ャ
ム+

 

( 4 ) 

w h e l' E. r i s t h e ma g n e t 0 -ma c 11 a n i c a 1 r a t i 0 . The term (H. +日)2 j 
A --e 

An important difference frcm the Nagamiya theo1'y is that the 

critical field resonance is not observed on the dotted line AB in 

eq. (4) is usually negligible. In the practical Nd spin system , 
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Fig ・ 2 9 ・ Lo c k e d s p i n-c l u s t e r c o n f i g u r a t i o n f o r s=5 / 2 , 7/2a nd9/2 , 
r e s p e c t i v e l y. Ea c h s p i n-clu s t e r h a s two mag n e t i e s i t e s. 

一 一 52-
一51-



REFERENCES 
J S 8 • 

21) I¥LDate 駘.nd M.i¥1otokawa: J. Pl�ys. Soc. Jpn ・ 11 (19G7) 16S. 

~2 ) N . Fujii , M . Mot okaγ品 a nd I¥1.Date: J. Phys. Soc. ,Ti)ft . 25 (19G8) 

1) G.R.Stewal't: Rev. Mod. Phys ・ 三l (1984) 7SS. 

2) J ・ C ・ Ph i lipps : Pl1yslcs o[ High -Tρ Sup e r co nductors (Academic 
700 . 

2 3) 1¥1 . D a t e a n d M. M 0 t 0 L a v; a: P h Y s. R e v. L e t t . 三三 (196S) 854. 

24) S.C.Ta.si and G .í,\' . Ro b inso Jl: J. Cllem. Plìy s . 互1 (19G9) 3559. 

Press Inc. 1989). 

3) E ・ H .L iebιn d D . C . ~\ l o. t L is : 1¥1駟thenl駘ticul Physics in One Dlmension 

(A(~ade n j i c Press Inc. ~ew York Llnd London 19G6) 457. 

4) F. D . M . Hald 斗 ne : Phys. Rev. Le tt ・ 立立 (1983) 11;;3. 
~5 ) E . Ein clo , 1¥1. H o 口 da ， T.I ~ohas hi ι n G M. D a t e: J. P h Y s. S 0 c. .] p n. 5 9 

5) P.Kapitzd: Proc. Roy. S o c ・ ( L o nd o lì ) A105 (1024) 6D1. 
(1990) 2332. 

26) F . Me h ra n , S . E . Ba. rn e s , O . V . Chandr a. sh e khar , T.R.McOuire and 

M.W.Shafer: Solid State Commun. 67 (1988) 1187. 

27) O . Kondo , M. Ono , E . Sugiura , K.Suglyama and M.Date: J. Phys. 

5) P.I¥apitza: Proc. Roy. Soc. (London) A115_ (1927) GS8. 

7) F ・ B i t t e r: Re v. S c i. 1 n s t r. 1 (1 936) 482 , lQ (1 93 g) 373. 

8) P ・ Turowski and Th.Schneider: Physica B 155 (1989) 87. 

9) Y . Nakagawa , K . Noto , A . Hoshi , K . Wa t anabe , S . Mi ura , G . K i do ι nd 
Soc. Jpn . 三1 (1988) 3293. 

Y.Muto: Physica B 1三互 (1989) 69. 

10) M.Date: J. Phys. Soc. J p n ・ 2旦 (1975) 892. 

28) A . Junod , D.Eckert , O . Triscone , J.Mu11er and W.Reichardt: J. 

Phys:Condensed Matter 1 (1989) 8021. 

29) B . X . Yang , T . R . Thurston , J.M.Tranquada and O.Shirane: Phys. 
11) A.Yamagishi and M.Date: Physica B 121 (1989) 91. 

12) S . Kurod a. , M ・ Motokawa and M ・ Date: J. Pl1yS. Soc ・ Jp n ・ 44 (1978) 
Rev. B 39 (1989) 4343. 

30) J . B . Forsyth , . P.J.Brown and ﾟ.M.Wank1yn: J. Phys. C 21 (1988) 
1 7 97. 

13) M ・ r\lotokaw8. ， S.Kuroda and M ・ Date : J ・ Ap p1 ・ Phys . i_Q (1979) 
2917 . 

31) K.Honda and T.Ish哿ara: Sci. Rep. Tohoku Un咩 . 4 (1915) 215. 
7762. 

14) M ・ Motok awa ， A . Ot s uka , C.Uyeda and M ・ Dat e: J ・ Phys . Soc. Jpn ・
.3 2 ) M.O'Keefe and F.S.Stone: J. Phys. Chem. Solids 23 (1962) 261. 

g (1984) 1857. 
33) B . Roden , E.Braun and A.Fleimuth: Solid State Commun. 64 

15) S.Foncr: Pltys. Rev. l..Qヱ (19 !J 7 ) ﾐ83. 
(1987) 1051. 

34) M.lkebe all� M.Date: J. Phys. Soc. Jpn. lQ (1971) 93. 

35) R . E . Dl と t z , F. R . Î~le l' l' 1 1. 'L , R. D i n g 1 e , D . tl � 11 e , B. G. S 11 ~ 1 :J � r Ji a g- ビ l

a n d P. M. R i C 11 8. r cl S: Ph y s. Re v. Le t t . 主主 (1971) 1186. 

36) J.H.Van V1eck: Phys. Rev. ヱ生 (1948) 11G8. 

37) P.W.Anderson: J. Phys. Soc. Jpn. 1 (1954) 316. 

38) I\ . Ki n do , Y . Ch iba , Y.Hidaka and M.Date: submitted to J. Phys. 

1 6) S. F 011 e 1': J. P 11 Y s. r a d i um 1.旦 (195 9 ) 336. 

17) S.Foner 騁nd \\- . L o 机 : Pll Y s. Re v. li旦 ( 19GO ) lS85. 

18) M ・ J\'Iotokawa and 偆1.Date: J. Phys. Soc. ~Tpn ・ 2旦 ( 1965) 465. 

19) M.Date and M ・ J\To t okawa : Phys. Rev. L e t t ・ 2生 (1966) 1111. 

20) M ・ Da t e : Localized Excitations in Solids (P1enum Press , 1968) 

『
〈d

R
J
 

-54-



:;0) T.KéJ gamiya , E.Yosida and R.Kubo: A�ances in Pllys. 1l_ (19S5) 
Soc. Jpn. 

39) Y.Tokura , H.Takagi and S. Uc:hida: Nature (London) 117 (1989) 
S 1) I¥T. D駘 t e , A . l~ιk a n i s h i a n d 1(. 0 s h i n La: 1 n t. C 0 n f. 0 n !¥1a g' n. I V 

34S. 

40) M.F.Hundley , J . D . T ho mpson , S.W.Cheong う Z.Fisk and 
れloscüw (1973) 93. 

::;'2) A.1'¥akanishi) f¥1.Motokav;a and !¥T.Datc: J. Phys. Soc. Jpn. Q_Q 
S.B.Oseroff: Physic は C158 (1989) 102. 

( 1991) こ 080 • 
41) C . L.Seaman , -:\ .Y. Ayoub , T.Bjørnhol111 , E.A.Eéirly , S . Gha Illι1y ， 

S3) N.Achiwa: J. Phys. Soc. Jpn. 27 (1969) SGl. 

::>4) IJ. Buri , E . l~1l 1aya ) J.Na k: ahara , I. Shi ozaki , l\1. I shizuka , Y . Ajiro , 
B . W. L e 8 , ,J. T. Ma r k e r 1 , J. J .:; e Ulll8 i e l', P. K. t s とiÎ and :\LB.~\Iu. pl E;: 

Pllysie:i:l. C159 (1989) 391. 

42) R.Saezpuch , M. Norton , T.R.White and 偆'.S.Glaunsinger: J. Solid 

T.Sakakibara and M.Date: J. de Phys. 生旦 (1988) 1455. 

55) H.I¥ikuchi and Y.Ajiro: J. Phys. Soc. Jpn. 互豆 (1989) 2531. 

56) K . Kindo , H.Kikuchi , Y.Ajiro and M.Date: 10 be published in J. 
State Chern. 50 (1983) 281. 

43) J.T.Markert , E.A.Early , T.Bjørnhol rl , S.Ghamaty , B.W. Lee , 
Phys. Soc. Jpn. 

J.J.Neumeier , R.D.Price , C.L.Seaman and M.B.Maple: Physica C158 

(1989) 178. 

44) Y.Endo , M. Matsuda , K . Yamada , E . Kakurai , G.Shirane and 

R.J.Birgeneau: Phys. Rev. B40 (1989) 7023. 

45) J.W.Lynn , I.W.Smarlin , S.Skanthakmar , W.H.Li , R.N.Skelton , 

J.L.Peng , Z.Fisk and S-W.Cheong: Phys. Rev. B41 (1990) 2569. 

46) J.Akimitsu , H.Sawa , T.Kobayas l1 i , H.Fujiki and Y.YaIIJada: J. 

Ph Y s. S 0 c. J p n. 5 8 (1 989) 2646. 

47) M.Matsuda , K . Yamada , K . Kakurai , H.Kadawaki , T.R.Thurston , 

Y.Endo , Y .H idaka , R.J.Birgeneau , P.M.Gehring , A.H.Moudden and 

G.Shirane: to be pub1ished in Phys. Rev. B 

48) O .Kondo , M. Ono , T . Yosida , N.Kont a ni , Y . Chiba , K . Suglyama , 

A.Yamagishi , I\T. Bikita , Y.Hidaka �.Lnd fv1.Date: J. �lagn. 0.: Ma.gn. 

Matel'. 旦立二n (1990) 79. 

49) N.Kontani , Y . Chiba , I~.Sugiy a ma ， Y.Hidaka and i-:.Date: J. Phys. 

Soc. Jpn. i旦 (1990) 3019. 

に
JR

d
 

fo 
只
J



PART 11 
1. Introduction 

HIGH-FIELD ESR IN THE HALDANE MATERIALS 

One-dimensional antiferromagnetic chains show varlOUS 

ABSTRACT 
q u a n t UflI e f f e c ".. s i n ma g ロ e tic field. A quantum spin chain wit1� 

S ニ 1 ，' 2 has been studiεd e :~ t e n s i V E: 1 Y b 0 t b t h e � r e t i c a 1 1 Y a n d 

High magnetic field e1ectr� spin 1' e son 江口 ce (ESR)in t11e 
e x: p と 1 ・ j i11(:; J 1 tυ1 1 Y • ':'l1e Gigen st駟te E:nel'gy is obtaﾌl�d exactlj by 

lﾌii 1 dall (; 1了 l ó. t E:' ri él. 1::. l.n::::r.;-p: ?~i (C ..，I--I nl\ ..， )"KOn(C10~ ) and KINO: 
..:. 0 i. '-ム ー士 B e t11e l) ，臼.n d t l� E: S P i n 'wa ¥" e e n e r b Y s P e c t r UIl1 i s c a 1 c: u 1 a t e d b Y 

: '" i (C" H 1 ,.,)J n ) n ~' ，;O n C C 1 0 ~ ) 11 a s b e e II d � Jl e u p t 0 1 0 3 41 0 4':::; / ~ . . ~ 2 ¥ ~ 4 ~'4 T in the microwave η \ 

BonnE:l' a.nd Fi sl�er.c.. /. The sys1ems had been beli 七\- e d t 0 b e rl 0 

l' a n g e 0 [ 3 0 "'-, S 0 OH z • A P a r arna g n e t i c r e s 0 n a n c e 1 i n e w i t h s t r 0 n g enrgy gap above the ground state irrespective of the spin \は 1u e .

In 1983 , however , Ha1dane3) conjectured that tl� 1inear cl�in 

Heisenberg antiferromagnet wlth integer spin has an energy gap 

above the sing1et ground state and it has been ca11ed the Ha1dane 

exchange narrowing is found at high temperatures and a new 

resonanee 1ine with the width of about 1 Tesla is observed below 

30 K. The resonance is quite different from normal 

paramagnetic 01' antiferromagnetic resonances of the ground state. 

temperature and it is attributed to the excited state resonance 
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T11 e r e s 0 l� a n c e 1 i n e i n t e n s i t y d e c r e a s e s w i t 11 d e c l' e a s i n g' 

with the Ha1dane energy gap En above the ground state. 
G 

The and most of t11e theoretica1 work supports tl� conjecture. The 

angu1ar dependence of the excited state can be sketched by a 

truncated spin hami1tonian with S=l. The effective anisotropy 

corresponding experimental work to verify the Ha1dane gap has 

been dOJle for various materia1s. CsNiC13 had been considered as 

one of the candidates 11 ) , 12) but the crysta1 has the N~el parameters D and E for the excited states are determined to be -

7 • 5 , -0 . C 7 c m -1 f 0 r r~ENP a n d -1 1 . 5 , 1. 0 5 c m -1 f 0 r K 1 KO , 
一回

temperature at 4.9 K , reflecting the presence of interchain 

respective1y. でhe observed negative sign of D in the excited int e ractions , so tl�t it is not a good candidate. Renard 

り+
state has import 斗 nt rneaning because the l~i- spin in t1le c11ain et al.13) h ~ v e done magnetic and neutron diffraction experiments 

on NENP: NiCC2H8N2)2N02(CI04) and NINO: Ni(CSH10N2)2N02(C104)' 

and concluded t11at these are better materio.1s for testing 111e 

l�s t11e positive D value with nearly same magnitude and the same 

::, i g II i. {� D i ::, e )" p e じ t ピ d i. [ 111 é ビ x じi. t は 1io l1 1::' Ù ヒ b じl' ilJéÙ lJy u:::'U�:il 
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The discrepancy is well explained lJy introducing a 
gap. The high-temperature magnetic susceptibilities are well 

10calized two-spin bound state model for 111e solitoll-like 

e xc i t a t i 0 n • The energy gap EO was found to be 9 ・ 5cm l f o r b o t h 

undel tood by t11e antiferromagnetic 1inear-chain mode1 but 

exponential decreasing in the susceptibility is found at 10w 

materials. 
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1empel'atures. TlLﾌs 1s n01 explained by t11e B0 J11i 8r- Fis11 e r・ 1heory
A brief survE::y of the crystal stru(~ture is given iIl 111e next 

but the result is well undεrs100d by the presence of 1he energy 
sec~jon 斗 nd t 11 e ITI3. g n e t i c p r 0 p e r t i e s i n KENP a n d ~''; 1 NO a r e 

gap. N 0 10 n g -r a n g e � 1 cl e l' i s f 0 u n d d 0 v'{ll t U O. J I\_ , l' e f 1 e c t i n g 
surnm臼 rized in the section 3. The experimental procedure is 

negligible interchain interactions. Neutron diffraction 
described in the section 4ιnd the ob:ained l' esuJts 乱 re

measuremellt in ~-:ENP shov.s the existence of anisotropic enel'g'y g'ap 
S U1Tllfl3. r i z e d i n t 11 e s c c: t i 0 n 5. でlì e a n 8.1 y s i S ii n d d i s c U s s i 011 S a r e 

a, 11d 111e i1 12Lg11e t i c f i e l d d e p eNden CGO f t h e s p i nwa v e b a, n dti b o v e EG 

is [oulld. 

ら lt u'y\'n i.n the sectiOlj G and ÎJ, benera1 featul'e of t11e exc;ited stat8 

is sketched by intl'oducing a 1oca1iz~d two-spin baund state 

A h i b h -f i e 1 d n l�.l g n e t i z � t i 0 n s t u d y U P 1 0 5 0 T ( T e s 1 a ) i s d 0 n e 

上吐 j
b Y Ka t s urna 1 a e t a 1 . ~ ~ 1 , a n d f i e 1 d -i l� d u c e d q u e n c h i n g 0 f t h e g 3.. P i s 

iTIO d e 1 . 

found. No magnetization is found at 10w [ie1d ref1ecting the 

gap but a linear rnagnetization appears above the critica1 fie1d 

HT ¥'I� 11 i c 11 i s a 11 g u 1 a r d e p e n d e n t . 

15 ) 
obtained by Ajiro et a1. 

Sirnilar magnetization data were 

Katsumata et a1. proposed t11e 

14 ) 
following model .L"', to explain t11e magnetization profile. They 

put the trip1et excited state just below the excited spin wave 

continuum as is expected by Haldane. The trip1et splits under 

magnetic fie1d and low-lying leve1 crosses with the ground state 

at HT Then , the Haldane gap is quenched and usual 

antiferro 口mgnetic state appears. The observed anlsotropy in HT 

i s e x p 1 a i n e d b Y t 11 e e f f e c t i v e a n 1 s 0 t r 0 p y i 11 t l� e t r 1 p 1 e t • 

Accordingly , the electron spin resonance 1n the trJplet may be 

e xp e c t e cl i f t h e K� t s unta t a mo d e 1 1 S C 0 r r e c t . 

Experimentδ11y speaking , the standard ESR spectrometer with 

1 0 GH z I na .y li O"L U e ビJl OU品 11 t U じ o ve l' wh 0 1 e p [' 0 [ i 1 e 0 � t 11 e t r i p 1 e t 

because the gap energy is of 1he order of 10 
-1 

cm Considering 

the fact , high field ESR is tried 10 see t11e Haldane ESR. 1 t i s 

noted that 1he impurity doped ESR comes to the standard ESR 

16) 
regimes and Cu-doped NINP is studied by Hagiwara et a1. 
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St飩ndard ::，ド cciiic rJ e a t meιSU l' erneJ1ts l9 ) Lave b 己 e Il p e 1・ [ o l' med iJl 

1'\ Er~p between 1.2 3.nd 20 E. 1'; 0 8.11 0 rna 1 y i n d i C 騁 t i n g 騁 t r a n s i t i 0 n 

to long l'ang8 01・ der has b と en d e t e c t e d 1 J 1 t [-1 e r a n g e . T 11 (! 

rJ l と上 gnet ic S p 己 I3 i f i じ 11 Cι 1 Cill i b o b t 臼 ; n e d [1' 0 lTI G P t i c 騁 1 し 1 r 己 fring と Il ce

mea:surernE:nts. Th と intrac l1 ain e>:cl�nge in t e l' al~tion is dete.rmined 

ty t11e round peal、 of C to !Je SO E. rn 
The d は t 8. at low 

t eI11P e r a t u r e s can b e f i t t e d bJ111e r elati o n o f ClTi二 CO(KT / J) α 仏 i t h 

, 
α=1 . 4 ， which is close to the numerical estimation ofα= 1 . 6. 

The field dependence of the proton spin-lattice relaxation 
。 100 200 

Temperature (K) 
3∞ 

The relaxation rate T�
1 

is quite 20) 
t i me T 1 i s me a. s u r e d i n NENP 

smal1 in the low field region reflecting the singlet ground state 

b u t i n c r e a s e s r a p i d 1 Y w i t 11 i n c r e a s i n g f i e 1 d b e c a u s e t h e ma g 11 e t � c 

excited state goes down with rield. T;l imreases monotomusly 

and reaches at maximum value at the critical field HT ・

ヤ 1 4) _ _...l "?>.T HTfl1 8 ) 
The magnetization measurements on NENP~~/ and NINOÁ~J have 
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been done in pulsed high magnetic fields at 1.3 K and field-

i n d u c e d q u e n c; 11 i n g 0 f t h e g a p i s [0 u n d , a s a r e s h 0 wn i n F i g. 3. 

Remarkable feature of the magnetization curves is the sha1'p 

increase in the magnetization around 10 T(Tesla) , below which no 

ma gn e ti 乞 at ion appea 1' s , rcflecting a singlet ground state in 

ag l' ë ヒ 111ent ¥¥'i tll t11e p l' e ~ence of 111e H包 lda11e g1:J.P. Tl1e linear 

口mιgJ日1 e t i 乙 οt i 0 ]口1 己 ppe3丘. 1' s in both compounds abo';c CD.ch critic31 ficld 1 

HT ・ 7・his is e:;(plained by tl� luodel t11at t11e gap is quenched by 

the crossing of tlle ground state wi1l� a low-lying level. The . , 
p 0 s s i b 1 e 0 r i g i n 0 r t h e a n i S 0 t r 0 p y i n HT i s s ug g' e s t e d b Y E.a t s uma t a 

100 200 
Temperature (K) 

Fig. 2. (B ~ Comparative susceptibilities in KENP and NINO from room 
temperature down to 1.7 K. 

。 300 
They assumed a triplet excited state at the bottom 14 ) 

et al. 
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M(μ8/Ni2+ ) 

0.75 
"‘、

xl0-3 ω [ the spin wave continuum. The triplct has three sublevels and 

NENP 

215 

コ
E 10 
41 

:I: 5 
刀

事 o

Lill effective uniaxial anis� L'opy constallt splits into とt singlct 

and 臼. doublet. Assumlng a. 1"1 己 g ι t i¥-(:: s i g n f 0 r D i n �: 11 e e ̂  c i t e d 

triplet , a low-lying level energy E is expressed for the fie:d 

。50 5 10 15 
H (1) 

20 25 along t1¥e b-ai~is as 

E 二 r: ~ -D /2， - g μH N ，G ~.， v 0 IJ 円 B-- ] 
、
、
，

J

司
l

ム
t
、
、

0.25 
マ//

where EG is �:he H駟ldane gap energy � ze1'o extcrnal field 己 lid II 

汀leans the field along the b-axis. Then , the crossover occurs at 

the field given by 

。 10 20 30 
Magnetic Field (T) 

40 
H; = ( Eo -D / 3 ) / g bμB ・ ( 2 ) 

M(μ81 Ni2+) 
0.75 

NINO 

てご 15 i x 1σ3 
O E 

e10 
、hc，u, 

ヱ
芝 5
芝、3

。

When H is directed perpendicular to the b - axis , the fie1d-

0.50 

dependent gap energy is expressed as 

2 . 2 2~~2 ， 1/2 
E=EG + D / 6-(D+4g ム μ BH~)~I ~ /2 . ( 3 ) 

10 15 20 
H(T) 

ム

Th e t r a n s i t i 0 n f i e 1 d p e l' p e n d i c u 1 a r t 0 t h e b -a x i s H;- i s t 1'1 e n g i v e n 

0.25 
b 

by 

n 1 I f) 

Hム ニ (E ごす E~D / 3 - 2D 臼 ;' 9 ) .l I “ / g ， μ ロ'T ¥ ~G -0 ム邑
( 4 ) 

where sma11 orthorhombic anisotropy is neglected. Putting t11e 

。 10 20 30 
Magnetic Field (T) 

40 e x p e r i m e n t a 1 va 1 u e s [0 r i-:IT a n d g i n t 0 e g s. (2) a n d (4)) t h e 

va1ues 17 K for E~ and -16 K for D are obtained. 
G 

T11e value of EG 

Fig. 3. Comparative magnetization c~urves in NENP and NINO. 
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is close to tltat � E土 e s 1 i n陥 t~d from the susceptibility data , 
、J 4. ESR experimental procedure 

while 1he D value is negative and it is quite different from t11at 4.1 Preparation of the specimen 
司令

。 f each Ni ~ Spi l1:-:, o[ D ニ 1 :2 E. 

Thus , higb field magnetization results are 'vvell explained by Th e s p e c i rne n s u s e d i 11 t h i s e x p e r i me n t we r e g r 0 wn b y rlle a n s 0 f 

introducing t11e anisotl'opic energy in 1lte 8x:(!ited trlplet 'll"1th �:.l s 1 0 W e v a p 0 r a t i 0 n [r 0 m t 11 e a q u e 0 u S s 0 1 U L i 0 n w i t h E.' q u i m 0 1 a J' S � [ 

negatlve D value. Howe\"er , tbe origin of 1he negative D-¥"olue 

r 0 r t 11 e e ﾄ (' i t e d s t a t e 11 a s b e e n a rny s t e l' y i 11 l\E:ì,P. One of ll1e 

Ni ( CIO~) ，.， ßH .， O ， E:thaJJE:diamine and NaNOn f01' l¥"ENP and 
"l:白山

υrüpan E.! Jiamine instead of elhanediamine fo1' NINO. The crystal 

motivation of t11e present ¥1¥"01'1..; 'i¥'as to solVE: tbe mystery by of XEl,P ﾌi1JS cleavagc along 1he ab-plane and i t is tlH: bC:-l?lane 

obse1'ving t11e direct trallsition in the excited t1'iplet. [01' KI~O . Typical crystal [orms are shown in Fig. 4. C 臼. r e 

should be paid to the crystal directions because well developed 

d i r e c t i 0 n i n NENP i s t h e b -a x i s w h i 1 e i t i s t h e c -a x i s i n N 1 NO . 

G
J
 

F
h
v
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NENP 
... ... 

... ... 
F、

, 

NINO 

C 

... ... ,... 

a 

〆亡、
...ー、, , 
r 、

、

Cleavage 
Plane 

Fig. 4. Sketch of single crystals NENP and NINO. 
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4.2 Microwave equipment in pulsed high magnetic field 

The block diagram of microwave ESR in pulsed magnetic [ield 

is shown in Fig. 1 of Part 1. T¥1 i c r 0 W D, V e u s e d f 0 r t h e e x p e r i m e n t 

is 111e frequellcy 1'al�es o[ JS alld SO GH 乙 bands ， gene l' a î: ed し y

k 1 Y s 1 l' 0 n s 3;:; 'v' 1 0 �. n d ;) 0 ¥' 1 1 1 r e s p e c t l ¥' e 1 y . Standυ， r d e x p e l' i rlle n t とd

ιp p a 1' a tu s and tecl1niques are used to obsel've the resonanc:e in 

KEl¥'P a n d K 1 NO . Th e r e f 1 e c t i 0 n t y P e 0 f c y 1 i n d r i c a 1 c a ¥' i t Y vl'ﾌ t h 

TE"" m棈e with n � 2 ",, 3 is adopted [or the rneasurements. 
l1n 

The high magnetic field mic1'owave ESR measurements a1'e done 

in the Research Center [01' Extreme Materials of Osaka University. 

The magnet coil is the type of 170(2LP)18 , which is A-type C�l 

in Part 1 and'has outer diameter of 170 mm and inner one of 18 mm 

with energy source of 0.5 MJ. This can produce magnetic field 

up to 41 T with the pulse duration of 40 msec. The magnetic 

field is monitored by a field pick-up coil and reco1'ded in the 

digital recorder. The field value is calibrated with ESR signal 

of DPPH. 
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は n1ife l' rülllaglle1ic l'七~ 0 11 駟 i J (; e ( A FiVIR) nt 0 d e 1 . Th e u S U駟 1 AFI¥'IR 111 e 0 r y 
5 Experimental results 

d 0 e s n 01 c xp e c t t 11 e d e c r � a s c; i n t 11 e a b s � r p t i 0 n i n t e n s i 1 Y w i 1 h 

cle(_;l ' ~llS i1lg 1elllpel'� tu 上と・

Onlya broad paramagnetic resonance is found from room 

temperature do¥vn to 30 ",-, 3;) E v,'it l. g=2.0 , alld it is unders100d L�y 

e x c 11 a n g e -m i x e d p a r 3. ma g n e 1 i C l' e S 0 11 a 11 c e 2 1) ¥¥' 11 e r e t 11 e f i n e s t l' U c 1 U l' e 

components are am臼 19amated by tl1e lntrach 臼 i Jl excl1angc 

1 J 1 1 e l' a c t i 0 1 i ・ fig'ure 5 Sl�¥..-5 1he sigllal wii.h 111e DPPH spih:.e. 

Pararnagnetic l'esonance disi3ppears around ~O K. 

A new resonance line with a width of 1 T is [ound below 

20~25 K where tl1e paramagnetic resonance disappears , as is seen 

ln Fig. 5. The absorption intensity decreases below 7 K and the 

temperature dependence is given in Fig. 6. T11e result sho\",' s 

that the signal comes from excited states. Solid curve in 

Fig. ﾟ is calculated by spin-cluster 
つり 1

resonance model > "' J , as will 

be discussed in tl1e section 6. The temperature dependence of 

the intensity shows a good agreement with tl1e spin-cluster 

excitation model. Angular dependences of the resonance field in 

NENP and NINO are shown in Figs. 7 , 8 and 9. The angle in the 

ac-plane 1s defined byθand t11e deviation angle frorn t11e a.c-

plane is denoted by �. Figure 10 represents typical angular 

d e p e nd e n c e 0 f t 11 e l' e S 0 n a.n c e 1 1 n e s i n N 1 NO. 1 n NENP , t h e 

resonance i s broδ， d e 11 e d 0 u t ¥v 11 e n t 11 e a n g 1 e � b e C 0 m e s 1 a r g e l' t h a 11 

10 degre es ， υ， 5 is shown in Fig. 11. All so11d curves in 

Figs. 7 , 8 , 9 and 11 are calculated CU1'ves by using an effective 

spin Hamiltonian described later. Weak absorption is [ound as 

s h 0 wn i n F i g. 1 2 w h e n t 11 e f i e 1 d i s a p p 1 i e d �1. 1 0 J 1 g b -a 入 i s . 

The observed new line is not explained by t11e sta.ndard 
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Fig. 8. Angular dependence of the resonance field in NENP at 36.2 GHz. 
S 0 1 i d c u r ve i s d r a wn b y e q . (6). 

Fig. 7. Angular dependence of the resonance field in NENP at 45.7 GHz. 
Solid curve is drawn by eq. (6). 
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• discussions and Analysis 6 
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seen ill j.'ig. )0. Tl� e d i f f e l' e 1� c e i s d u e t 0 t h e r e 1 a t i 0 n !J e t we e 11 
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t11e fjeld dependences and the crossover to t1le gl'ound stute 
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刊
A T1'1e Ha.ldane ground state is sho¥';n by th� zer�-

e 11 e l' g' Y 1 � n e a n d t h e e x c i t e d t r i p 1εt i:J t E,-, S P 1 i t s lJぶ D とind E terms 
(J 

� n t 0 t 11 r e ヒ si ng;l e ts at z 己 1・ o ma g n e L j c f i e 1 d . Tllese levels ::, ltü\', 

5 10 OCCUI'S for each low-ly匤g level at the correspo ll din 七 crítical

5 

field. The microwave transitions R . R , and R are a' L~b ~. ..~ "'~c 

8=300 experimentally observed but R~ and R~ are not detected. b ~..~ ﾁ'b The 

results are consistent with the gap model because levels in t11e 

spin-wave continuum are usually broadened so that no resonance is 

expected. The observed Rh intensity is weak because t11is 
b 

resonance is allowed by the E-term , which is small compared with 

the D-term. 

5 10 The parameters obtained from various experiments are 

summarized in Table 1. The gap energy in Tab1e 1 is obtained by 

H // tっ using t11e critlcal-field formulae (2) and (4) by adding the E-

term as 

5 
MAGNETIC FIELD (T ) 

10 

H7a = イ (E (J-2D / 3)(EG~D / 3-E ) / g 臼 μB ' 

II ~b ニ J(E+日 + E) (E ，...， +Dル /ゲO b 作μ B ' T '¥J '~G -, - ~I '~G 

HTC= ゾ(E(J-2D ! 3)(EO+D / 3 + E) / gcμB ( 1 8 ) 

( 1 6 ) 

( 1 7 ) 
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く1. 1 1 -2J+20/3 G/fl G/ Jす 。 。 。 。 。 。

く1. 0 I G/PI -0/3 -2J G/fl G/t[ 。 。 。 。

く O. 1 I G/lτ -2J -0/3 。 G/f[ G/ 江 。 。 。

く1.-1 1 。 G/i2 。 2J+20/3 -2J 。 G/f[ 。 。

く O. 0 I 。 G/fl G/Jτ -2J -40/3 ー 2J G/f[ G/f[ 。

く1. 1 I 。 。 G/f[ 。 -2J 2J+20/3 。 G/f[ 。

。 。 。 G/JI G/f[ 。 ー0/3 -2J G/J2 

。 。 。 。 G/f[ G/f[ -2J -0/3 G/i'[ 

。 。 。 。 。 。 G/f[ G/f[ -2J+20/3 
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tenlpet駘 t ure. 1t is notod 1h 己 t t 11 e li unlb e l' 0 f 10 c a 1 i z e d ~ p j 11 

clusters in t118 Ising cho..in is obtained by a bosonlike excitation 

η 

nlO d e 1 Vdl C l' e t II e e x じ i t ;) 1 i 011 g' a p c � l' r e s p 0 1 � d i 11 g t 0 E,...., i s 2 J Sι ， wll i c 11 
G 

is t11e formation energy o[ t11e spin-cluster ill a chaln. 

addi t i 011 to EG' D ar, d E terms wi th t1 e Zeemallεnergy are taken 

in t o は(; C 0 U n t f 0 r t h e I1己 ldane problenl ・ でhe [ollowillg di[fer E: nCE~ 

ぷ hould be noticed: Th 己 mea 11 [i e 1 d mo d e 1 i s ap p 1 i c a b 1 e f 0 r 

c: a 1 c: u 1 d. t i 0 n 0 f t l� e 1 s i n g s P i n c 1 u s t e r e n e r g y ...-l� i ] e i t i s rl 0 ~ u S t2 d 

f 0 r 1 h e Ha 1 d a n e t r i p 1 e t w 11 e r e t 11 e c 0 U P 1 i n g i s d e f i n e d b y E,..., I 

u 

which is difficult to estimate with the mean field model. 

The present model may also explain the susceptibility 

crossover around 35 K in Fig. 2(A). Th e ma i 11 e x c i t a t i 0 n a t 1 0 \ ...,. 

temperatures is the two-spin bound state with negDtive D while it 

is positive at high te 口lperatures where the system c とJ.Jj be l'egardecl 

as usual antiferromagnet with short range ordel'. 

7. Conclusion 

The high-field ESR in NENP and NINO has been done and the 

excited state ESR in the Haldane statc has becn observed. Tlle 

excited triplet statc is well understood by the localized two-

spin b01Jnd model as the elemen tary 七 λci tat io ll ・ The Haldιn e 

sta.te should be G_escribed essentially Ly tbe mallY-\)c, (} :y QU�111tum 

effect but t11e excited state c 己1"1 be sk.etcllE::d as if the ex ぐ i t i:1. ti ün

is given by a truncated spin packet like a soliton. 
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