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Part I
Technics for ESR and Magnetization Measurements velow 1 K

Synopsis

3

A new cryostat using a combined system of He and adiavatic
demagnetization for ESR measurements below 1 K was developed as
shown in A. ESR measurements can easily be done from 24 GHz to

47 GHz down to about 100 mK with good ﬁemperature stability around
3He temperature region. In order to measure the sample‘temperature
Just on resonance, AFMR line shift in a typical antiferromagnet
RanF3 was measured and the temperature increase of the sample was

estimated. Two kinds of 3

He cryostat using the fluxgate magneto-
meter for the magnetization measurements were constructed as shown
in B. One Qf them can measure the temperature dependence of the
magnetization in a-constant field and another one can be used for
measuring the magnetization curve by moving the sample in a various
fixed field at .a constant temperature. As these systems can detect
the magnetization change of about 10—3'm 103 Gauss, ‘they can be
applied for almost ali magnetization measurements of weak paramagé
nets as well as ferromaéﬁets. A carbon resistance thermometer

(50 mK ~ 4.2 K) which is calibrated by measuring CMN susceptibility
by Hartshorn mutual inductance bridge and a calibrated germanium

thermometer (0.5 K ~ 1 K) used for ESR and magnetization measure-

ments are described in C.



A ESB Cryostat below 1 K Using A Combined -He and Adfabatic

Demagnetization System

§ 1 Introduction

Many~IOWAdiménsiona1 antiferramagﬁetSZhavé their three-
dimensional'magnétic oraéring témpérature,TN below 1 K, because.
of the weak exchange interaction between magnetic chains or
layers. In the short range order region near TN, the shift aﬁd
broadening of the ESR line, which are éharacteriStics of the low
dimensional magnets, have been observed by previous ESR measure-

1)-5)

ments. In order to investigate the magnetism of these
magnets at 10w~temperaturés, espécially, the spin dynamics and
cooperative excitations in the spin syétems below TN’ it is
necessary to construct the ESB cryostat which operates in wide
frequency and temperature region below 1 K. |

So far, all ESR workﬁ)flzl

3

below 1 K has been done by using
either a ~“He refrigerator‘or an adiabatic demagnetization method
at a single microwave frequency. The lowest ESR temperature

12)

obitained by Ahe et al. using the adiabatic demagnetization

method is about U4Q mK while the lowest data for 3He cryostat 1is

250 mg. 102

In general, 3He cryostat is simple and useful for
ESR measurements down to near 0.3 K, and the temperature 1is
easily controlled. On the other hand, a lower temperature can
he obtained in the adiabatic demagnetization method. However,

the temperature increase of this method in the 3He temperature

region (0.4 K ~ 1 K) is too fast to take ESR data because of the
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fact that the specific heat of the paramagﬁetic‘salt is small
near 1 K. Désorption of uHe gas adsorbed on the salt also
promotes the heating of the spécimén; The most favorable method
Is use of a'dilution.réfrigerator but thié“ﬁethod,is too compli-
cated in handling and needs a-largé quantity of liquid uHe. So,
we combined the 3Heireffigerat6r with the adiabatic demagneti-
zation system to cover a wide ESB températuré region with desir-
able stability below 1 K. Tﬁe ESR cryostat constructed is
compact and includes two superconducting magnets fdr ESR and
demagnetizaﬁion. Eiquid uHe of only 2.5 litters is used for one
cycle operation, as wil; be déscribéd in the next section. A
wide frequency range of 24 n 47 GHz is covered by changing the
length of fectangular cavity in our ESR cryostat and it 1s
useful especially for the antiferromagnetic resonance (AFMR).
Detailéd constructions of the cryostat and its operations are
described in &2 and §3, respectively.

In the ESR measurgméntS‘below-l K, estimation of the sample
temperature is an important problem. When the sample absorbs
the;microwavé power on thé résonance absorption, the temperature
in the sample lncreases isolately from the sample holder. The
presence of Kapitza thermal boundary résistance between the.
sample and its holder is important in this case. As a new
experimental method to eétimate the “sample température, the
hyperfine shift of AFMR line in a cubic antiferromagnet'.RanF3
was introduced in the present studyﬂ Détailed results and

discussions on this method arévgivén'in §3.



§ 2 Apparatus

{1) Cryostat
In our combined 3He.and adiahatic demagnetization refrige-
rator the 3He system works in one-shot cycle. Outline of the

cryostat is shown in Fig. 1. 3He_gas is pumpéd by a shaft-sealed

rotary pump of 150 litters/min. through a stainless steel pipe J
of 9.5 mm I.D. in the figure. The pumping speed is controlled by
the-valve B. The pipe E is a stainless steel tube of 12.5 mm I.D.
for evacuating the vacuum can V. The symbol A in Fig. 1 is the
valve for the evacuating line. A German silver waveguide WRJ-320
is passed through the pipe E and cut in two pieces separated by

a few millimeters. These two pieces of german silver waveguide
are connected with a slightly large rectangular sleeve, which is
soldered to one piece of the waveguide, so as to absorb the
difference in thermal expansion of the waveguide and that of the
stainless steel tube E. The lower piece of German silver ﬁave-
guide is soldered to copper waveguide M which is inside the
vacuum can V and thermally anchored on a copper rod L at 1.2 K.
The radiation through the waveguide is shielded by bending the
waveguide M. The vacuum seal for the waveguide is done by the
quartz plate of 0.5 mm in thickness at the top of the pipe E at
which the coppef waveguide C coming from the ESR spectrometer is
connected by a frange. The lead wires for the electrical resist-
ance measurements in thermometers such as carbon resistors are
also passed through the pipe E. These wires are thermally

anchored on a copper rod L at 1,2 K, and they come out through



a hermetic seal D at the top of the cryostat. Liquid uHe is tran-
sferred through a pipe H. Two superconducting magnets N and U for
the ESR measurements and the demagnetization, respectively, are |
suspended from the ring plate K. The symbpl inn Fig. 1 shows the
persistent current mode switch for thé superconducting magnet U.
The symbol G shows the liquid'nitrogén'pot; The inlet and outlet
pipes to the pot are not drawn in the figure to avoid complicaﬁion;
This pot works effectively as the first thermal sink for the pipes
E, J and H, and the lead wires F of the superconducting magnets.
The spirally wound part Y of the leads works as the second heat
exchanger with cold helium vapor so as to decrease the heat inflow.
Detailed constructions in the vacuum can V is shown in Fig.
2a. The vacuum can is made of SUS 304 stainless étéel with 25 mm
0.D. and 0.5 mm wall thickness, and attached to the vacuum jacket

3

O by Wood metal. A cylindrical ~“He evaporation pot P with a conc-

3He pumping

entric hole of 5 mm in diameter is suspended by the
CuNi tube I of 3 mm I.D. x 80 mm in length. The upper end of tube
I is connected to the pipe J in Fig. 1 through the radiation shie-
'1d. The pot P is made of pure copper and has thin fins inside the
inner wall as shown in Fig. 2a to increase the contact érea with
liquid JHe. The capacity of the pot is about 3 cmS. The bottom

of 3He pot has a screw structure to support the salt pill for the
demagnetization or to attach the constructions for any other pur-
poses such‘as resistance or magnetization measurements. The salt
pill S for adiabatic demagnetization is constructed ffom a Bakelite
pipe (21 mm 0.D., 20 mm I.D. and 130 mm in length) in which about

40 grams of ferric ammonium alum, FeNHu(SOu)2°12 H,O0, and about

2



2000 copper wires of 0.05 mm in diameter are stuffed with thermal
contact agent Apiezon J oil, This salt pill S is suspended by ﬁhe
3

teflon supporter X from the ~He evapdration pot with‘theVSCrew
construction as mentioned above. The fine copper wires out of the
salt are bundléd at the top of the pill and solidifiéd by the
epoxy resin. vThis strand of copper wires passés through the hole
of the cylindrical 3He pot without contact and serves as the ther-
mal link Z between the salt pill and the cavity Q. The connection
between the cavity Q and the thermal 1ink Z is done by#SiIéer V
éoldering or by tight screw connection. The cavity Q is made of

a piece of copper waveguide and resonates on TEI mode. For

02
setting the sample the bottom wall is separated from the cavity

at the position of a  quarter wave length as schematically shown

in Fig. 2b. The cavity Q is cut off about 2 mm from the waveguide
M in order to avoid the heat inflow. This cut-off of the wave-
guide is one of the essential points in the ESR c¢ryostat below 1 K.
A wide ESR frequency range above the cut-off frequency of the
waveguide WRJ-320, 24 n U7 GHz is covered by changing the cavity.
The sample is grewed on to the bottom of the cavity by Apiezon N

3

grease. The temperatures of the cavity and “He pot are measured

by carbon resistors R which are Matsushita ERC-lSSG,.lOO Q at room
temperature. The calibration of the carbon resistors was care-
fully done by measuring ac susceptibility of CMN (Cerium Magnesium

Nitrate, Ce2Mg3(NO -24H20). The electrical resistance of these

3012
carbon resistors was measured by ac bridge method using IT (Inst-
ruments for Technology Ltd. in Finland) automatic selfbalancing

résistance bridge, and the power dissipation for the measurements



11 Watt around 0.1 K. The temperature was measured

is within 10~
within the error of 0.5 % in the temperature region O.i K~ 1K.
These carbon resistors are wound by althin copper plate and atta-
ched onto the bottom of the cavity or the top of §He pot by a
small screw as shown in Fig. 2. As the result, the thermal resp-

onse time was sufficiehtly short. The temperature'of the cavity

can be changed by the heater T wound on the thermal link.

(2) ESR Spectrometer

A conventional reflection type spectrometer was used in the
present experiments. In the ESR meesurements below. 1l K, the foll-
owing peints should be noticed : a usual field modulation method
is not applicable because of the eddy current heating on the cavity.
Another problem is the sample heating due to the presence'of
Kapitza thermal boundary resistance -between the sample and the
cavity wall, so the input microwave power must be as low as to be
10_7 3 10_9 Watt around 0.1 K as discussed in the next section.
Considering these restrictions, the spectrometer as shown in Pig.
3 was used. Instead of the field modulation, the mierowave power
is modulated by superposing the rectangular pulse voltage with 1
kHz repetition to the dc repeller voltage. The klystron does not
oscillate under the de vpltege and fhe pulse voltage is adjusted
so as to obtain:the maximum oscillation power with the best tuning

12)

condition of the whole cavity system . The microwave power is
attenuated by two attenuators in series. After receiving by a
crystal diode, 1N26, the ESR signal through'the PAR-116 preampli-

fier and PAR~121A lock-in amplifier is displayed in a XY-recorder.



A magnetic field for ESR measurements is supplied by.the supercon-
ducting magnet which is 85 mm in length, 150 mm 0.D. and 25 mm
bore~diameter, and its maximum field is.about 30 kOe. The field
values were calibrated by DPPH absorption signal at frequencies

24 %47 GHz.

§ 3. Results and Discussions

(1) Operation of The Cryostat:

The time variation of the cavity temperature during the actual
ESR measurements is shown in Fig. 4. After transferring liquid
uHe of 2.5 litters into fhe_glass Dewar, adjustments of the. appa-
ratus such as the power balance in the magic>T of the spectrometer
is done during the steps A and B in Fig. 4. Then, ESR measurements
are performed from 4.2_K to 1.2 K with slowly pumping of liquid
uHe by Kenny type rotary pump of 3000 litters/min. (B v Coin Fig.
by, After the measurements at 1.2 K, 3He_g;as is condensed in the
He pot and the magnet for the adiabatic demagnetization is opera-
ted 'up to about 25 kOe with the persistent current mode (C ~ D).
After the cavity temperature returns to 1.2 K the uHe exchange
gas is pumped out. The Kenny pumping line is closed until éhe
temperature of liquid uHe bath increases up to about 2 K so as -
the exchange gas to be quickly excluded as possible. AIn this
process, D ~ E in Fig. 4, the cavity temperature increases slightly

by the heat conduction throﬁghfthe remained eXchange_gas and solid

construction supporting the cavity. When the vacuum gauge at the



top of the cryostat Shows about 1 & 2 x 10—6 Torr., the pumping

line for liquid uHe bath is again opened, and subsequently, the
3He pot reaches at-the lowest.temperéture of about 0.4 K, the
magnetic field in the salt is slowly decreased at the rate ofr
about 1 kOe/min. (F n.G). After the demagnetization, ESR measure-—
ments start at G in Fig. 4. The ESR data are taken many times

up to 1.2 X (G " H). The input microwave power is about 0.1 uW

in the present experiment.

(2) Estimation of The Sample Temperature

In the ESB measurements below 1 K, it is verry difficult
to determine the temperature of the éample which is on resonance,
though the measurements of the cavity temperaturé are easily done
by a thermometer as previously described. When the sample is
just on resonancé, the sample absorbs the microwave power and
the produced heat does not decay because of the Kapitza thermal
boundary resistance between the sample and the cavity wall. The
heat flow é is proportional to the temperature difference AT of

the sample TS and cavity wall TC as
Q=T’ - . (l)

where A is the surface area between them and RK represents the
Kapitza resistance. In a single crystal of’CrK—alum adhered on
the copper foil by Apiezon Nigfease, for example, the Kapitza

resistance is reported as 13),14)



Ry = I x 10—6 . Tc'3. ~ (K-cmzfsec/erg) (2)

Therefore, AT is given as

AT = 4 x 10_6

a/a-t 3, - (K) (3)
We get AT = 40 mK for the condition that é = 1 erg/sec, T, = 0.1 K
and A = 0;l:cm2. This means that the sample temperature increases
about 40 mK higher than the cavity temperature for the absorbed
microwave power of 0.1 pw. In the actual ESR measurements for
various substances, howevér, the Kapitza resistance is not exactly
known. Therefore, it becomes necessary to use another more direct .
method of the temperature measurement for specimens just under the
resonance. |

To estimate the exact temperature of the specimen, we measu-

15),16)
3 .

This shift comes from the temperature dependent nuclear anisotropy

red the shift of AFMR line in a cubic antiferromagnet RbMnF

field in AFMR17). Below the Néel temperature of 82.6 K the manga-
nese spins in this compound form the two sublattice antiparallel
configuration and point in the body-diagonal direction in tﬁé

absence of the applied field. When the field H, is larger than

0
the .eritical field Hc = 2.5 kOe, the spin axes are perpendicular

to H,

0° In this state, AFMR ferquency is written as

-10-



w (2 _ 2 - : )
(207 = Hy® + 28 (H, + Hp), | (4)
where HE and HA are the exchange and anisotropy fields coming '
from the electronic origin, and they are usually constant at low
temperatures below TN. HN is the hyperfine field coming from

the Mn nucleus. This field is always parallél to the d-electron

spin moment and acts as the dynamical anisotropy field perpend-

icular to the applied field in the state, HO > Hc. Then, HN is
written asl7)
_— A°I(I+1)<S>. 1 (0e) (5
N 3khye Tn’

for AI<S>/an<<1, where A is the hyperfine constant, I the nucle-
ar spin, <S> the sublattice spin moment which is saturated at low
températures below TN’ Ye the gyro-magnetic ratio of the electron
spins, ‘and Tn the nuclear spin temperature. In the AFMR measure-
ments with a constant frequency w, it is expected from eqs. (4)

and (5) that the square of resonance field H 2

0
portion to l/Tn. In these high concentrated manganese compounds,

decreases in pro-

the nuclear spin latticé relaxation time is considered to be short
enoughl8). Assuming Tn = TS, one can estimafe the sample temp-
erature by using—éqs. (4) and (5).

In our AFMR experiments in RanF3, the external magnetic

field was applied along the cubic axis and the sample of 1 mm X

1l mm x 0.5 mm was tightly grewed onto the bottom of the cavity

~11-



wall by the thermal contact agent Apiezon N grease.So as a large
surface of the sample to be contact with the cayity wall. The
incident microwave power to the cavity was attenuated by two atte-
nuators iqéeries to be about 0.1 pw. The typical AFMR lines obse-
rved for 32.44 GHz are shown in Fig. 5 for the cavity temperatures
from 4.2 K to 0.14 K. The resonance field Hd(shifté to lower

field at lowér temperatures.. The square of observed field Ho2 are
plotted against the inverse of the cavity temperature 1/Tc in Fig.
6. It should be noted that the linear relation in H02 Vs 1/TC
holds down to Tc = 0.25 K and deviates from the linear line below
about 0.25 K as is shown by a solid line in Fig. 6. As the condi-
tion AI<S>/an;<l should be satisfied down to about above 0.1 Klz),
‘the linear dependence should be satisfied down to this temperature.'
The observed deviation below 0.25 K in Fig. 6 ié then attributed

to the fact that the sample temperature increases due to the
Kapitza resistance between the sample and the cavity wall. By
extrapolating the linear relation above 0.25 K to lower temperatures,
we can estimate the sample temperatures TS from Fig. 6. The obta-
ined Ts are plotted against the cavity temperature Tc in Pig. T.
The solid line (1) corresponds to the negligible microwave power.
The other lines (2) and (3) are calculated for the absorbed micro-
wave power of 0.02 and 0.1 ﬁw, respectivély with Ry of CrK-alum.
The open circles show the experiméntal resulﬁs. As is seen.from
Fig. 7, the practical heat inflow in our experiment is about 0.6
erg/sec. In ESR measurements for various substances below 1 K, the

present method seems to be effective for thé‘détermination of the

sample temperature.

-12-



§ 4 Concluding Remarks
3

Our combined He-demagnetization system was proved to be

practically useful for the ESR work in a frequency range of 24 n
47 GHz at temperatures. from 4.2 K to about 100 mK, and satisfact-

orily be applied to the ESR study in the low-dimensional magnets

. - 1 A19) 20)
with TN belqw 1 K, such as Cu(NH3)HSOM H20 5 Rb2
and CuSOu-SHzozl).

PbCu(NO2)6

Now it may be necesarry to do a comparative discussion about
the merits and demerits of various ESR techniques below 1 K. The

simplest way to realize ESR below 1 K is to use 3

He cryostat or
to use a demagnetization cryostat. The former is limited'doﬁn to
about 0.4 XK but a precise temperature setting is a?ailable. The
latter is effective down to 0.1 ~ 0.07 XK but the temperature cont-
rol above 0.5 K is very difficult. Our cryostat was designed to
cover both merits and the results were satisfactory. However, one
of the demerits in our system is.the complexity because one must
make .two stages for refrigeration. |

' The next pktoblem to be considered is the ESR sensitivity as
a whole. As is well known the higher sensitivity can be expected

if higher input microwave power 1is used. However, the high power

increases the sample temperature. Our conclusion is summarized

as follows : if one uses usual detecting systems.such as the cry=:._

stal video system, i.e., the crystal diode détection using the
frequency or amplitude modulation, the microwave power level of
the order of microwatt is necessary for the standard ESR measure—‘
ments. In this case, the lowest temperature of the sample may be

about 50 mK even if one uses the optimum experimental condition.

-13-



Therefore, the use of the more sensitive detectors such as the
superheterodyne detector or the SQUID detector may be necessary
when one wishes to do ESR study in more low temperature region,

i.e., around 10 mK or in the millikelvin temperature region.

14—



B Magnetization Measurement by Fluxgate Magnetometer below 1 K

§ 1 Introduction
Since the re-entrant superconductivity was discovered in

22) and in the

the ternary compoundsv(RE)RhnB by Fertig et al.
ternary Chevrel-phase compounds (RE) M06 8 and (RE) Mo6Se8 by
Ishikawa et al.23), where (RE) means a rare earth element and

x = 1.0 ~ 1.2, there have been extensive studies about super-
conductivity and magnetic order in these compounds. One of the
surprising featurés.of these compounds is the coexistence of the
magnetic order and the superconductivity. In the case of
RE1;2M0688 for RE = Tb, Dy and G4, the'coexistence of the super-
conductivity and antiferromagnetic order have been confirmed by

24),25),26), In the case of ferro-

neutron scattering experiments
magnets such as ErRhuBu, however, the nature of the magnetic
order coexisting with superconductivity is still controversial.

Although the theoretical approachs by several authOrs27)"30)

have
predicted the coexistence of superconductivity and the helical
spin ordering in a narrow temperature region just above the ferro-
magnetic ordering temperature, T _, = 0.8 K in ErRh,B), there have
been found no experimental evidence for the helical spin phase
except for the suggesﬁifé neutron scattering data3l)’32). To
check the possibility of the presence of the'helical spin ordering,
it is desired to investigate the magnetization profile around T02
in ErRhqu.

For the measurements of weak magnetization below 1 K, SQUID

(Superconducting QUantum Interference Devices) is usually used.

-15-



In the preSent case where the magnetization is larée, however,
this method is not adequate because of its too sensitive detecting
abilities. For the present magnetization measurements in 3He
temperature region, the usual Faraday method is also not suitable
because it is difficult to operate.in such a low temperature region
below 1 K. The magnetization cnrve can also be obtained by
vobserving the induction signal of a pick up coilil with scanning

the magnetic field. However, the sensitivity of this method is
not so high. In order to get higher sensitivity, the scanning
speed must be increased. It is, however, undesirable for the
present measurements because of the‘heating due to the eddy
current loss. .Considering these facts, we adopted'the fluxgate

433),34)

magnetometer metho using a superconducting transformer.
This fluxgate magnetometer was set up by making use of Hewlet
Packerd clip-on dc milliammeter (H.P. 428B) with an accessory
(H.P. 3529A) for weak magnetic field measurement. This type of
magnetometer, which was initially applied to tne nuclear magneti-
zation measurements in the millikelvin tempefature region by

1.33),34)

Andres et a is easy to handle compared with SQUID and
has enough sensitivity for present measurement.

In this method, however, it is difficult to scan'the magnetic
field because the perfect balance of the supenconducting trans-
former under the field scan is difficult. Tﬁerefore, the magneti-
zation measurement can only be done by changing the temperature
or by extracting and inserting the sample from the superconducting

transformer. In the following section, the principle and const-

ruction of the fluxgate magnetometer will be shown in detail.

-16-



The technigues of the practical operations and the estimation of
the sensitivityare shown in §3. Applications to the.magnetization

measurement will be described in Part (III).

§ 2  Cryostat
3He refrigérator was used for magnetization:measurement
below 1 K. TWo kinds of cryostat weré'constructed. One of them
is the cryostat for the extracting method by which one can measure
~the magnetization.process at a constant temperaturé. In another

one, the sample is fixed and the magnetization change can be

- measured by changing temperature.

(1) The Cryostat and Thé Fluxgate Magnetometer

Qutline of the magnetization measurements by the fluxgate
magnetometer is shown in Fig. 8. The superconducting trans-
former consists of the astatic pick up coil (sample coil -and
compensation coil), the probe coil and the connecting leads.
All wires are made of NbTi alloys. The astatic pick up coil is
located in the vacuum can so as to set the sample just in the
center of the sample coil. On the other hand, the field probe
is inserted in the probe qoil which is covered by the NbTi shield.
The transformer systeﬁ is directly immersed in . liquid uHe.

The principle of the fluxgate magnetometer is as follows.
when the magnetization of the sample in the sample cqil changes
due to the temperature change under the constant magnetic field,

for example, the supercurrent induced in the sample coil trans-

forms to the probe coil so as to keep the total flux in whole of

-17-



the transformer to be constant. This Supercurrenthproduces the
magnetic field in the probe coil which is proportional to the
change of the flux in the sample coil;' The produced field is
detected by the field probe with aid of the c¢lip-on dc milliam-
meter. '

As the fluxgate magnetometer probé can detect the magnetic
field in thé range. from 1 mGauss‘to 10 Gauss corresponding to
the meter ranges from 1 mA to 10 A of the clip-on dc milliammeter,
the effective measuring range of the magnetization covers from
10"'3 Gauss to about 103 Gauss.by adjusting the.samplé volume.
This means that one can measure the7magnetization of wéak para-
magnets as weli as usual ferromagnets. The magnetic field is
supplied by the superconducting magnet in the persistent current
mode, and its maximum field is about 30 kOe. A desired temperature
is obtained by 3He refrigerator and it is measured by a commércial
germanium resistance thermometer using IT (Instruments for Tech-
nology Ltd.) automatic resistancé bridge.

Two types of the sample holding system ére designed and used.
The model I in Fig. 9 is used for measuring the temperature
dependence of the magnetization and the magnetization at a temper-
ature is measured by extracting the sample using the model IT
system in Fig. 9. In the model II system, the samplevposition
is fixed during the'experiment while it is moved by the dc motor
for extraction and insertion of the sample from the sample coil
of the model II. The sample speed for extraction and insertion
is about 4 cm/min. with the total stroke of about 6 cm. The

sample and germanium thermometer in the model I are thermally

18-



3He pot by about 200 polyuréthane coated copper

linked with the
wires of 0.05 mm in diameter which are tightly connected to the-
sample by Apiezon N grease. The samble in the type II system is
immersed directly inﬁo liquid 3He. In the both models, liquid
3He of about 2 cm3.is.used. The temperature of the sample is
controlled py controlling the wvapor pressure of liqﬁid 3He below

1.2 K.and by controlling the vapor pressure of liquid uHe between

4.2 K and 1.2 K.

(2) Design of The Transformer Coil

In this sgction, the optimum design for the superconducting
transformer is considered. The total fluxicpT of the transformer
‘coil, i.e., both the pick up and probe coils are constant and

quantized. Therefore, the relation,
¢p = i(L1 + L2 + L3) = ng,, (Gauss) - (1)

is obtalined where i is the supercurrent flow in the closed circuit.

L L2 and L3 are self-inductances of the pick up and probe coils

1°
and interconnecting NbTi leads as shown in Fig. 10. ¢0 is the
flux quantum (2.067 x 10",7 Gauss-cm2) and n is an integer.
When the flux in-thé sample coil changes by A¢ due to the
change of the magnetization of the sample, tﬁe supercurrent must

be modified by Ai so as to keep ¢T to be constant. Therefore,

the relation,
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Ap + A2(Lg + L, + L31 =Q,- , (2)
holds. Al Is tﬁen,oﬁtainéd as

&1 = -8¢/(Lq + L, + L31. (emu.A) (3)
This current change inducés the magnetic field change AH in
the long probe coil givén by |
bnn / :
= 4nG-1A1 = «C-—————-—~9A¢, (Oe}) ()
L1+L2+L3
where 12 and n, are the length and turn number of the probe coil.
Now, we consider the casé where the sample length is much
longer than the coil length as is shown in Fig.1l. The flux A¢
due to the induced magnetization AM is given by
2 2 2
A = MwnlAAM =T nld AM, . (Gauss-+cm™) (5)
where A is the cross section of the sample in cm2, d is the
diameter of the cylihdrical sample and n,y is the turn number of
the-sample coil. Thus, the induced hagnetic field AH in the probe

coil is obtained by using eqs. (4) and (5) as

AH = -pAM,V - (0e) (6)
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with

3 2
by nlnzd

P T LG L1 : | o (7)

To keep a high.sénsitivity~of the transformer system, it is
necessary~tb ﬁavé a largé AHV&M‘valﬁé. Théréforé, the p-value in
eq. (7) should ke 1argé. As d and 1, are substantially limited
By the effectiyé volumé of the cryostat, the practical variable
parameters are Ny, Ny, L1 and L2. L3 is_much.smaller than Ll and
L2 so that it 1s neglected. Thus, p is approximately written by

T G

p = (Amdly, . | (8)
I, I L,

2

Noticing the‘relationS’L o< ny and L2£< n22, it is simply veri-

1
fied that the maximum p-value is ohtained when the relation

is satisfied. This iIs one of the Important relations for designing
the transformer system.

The sample and compensation coils are astatically Wouhd.
The inductances are nearly equal to each other with.lé turns and
1.2 cm in diameter. For the probe coil, thé diameter of 0.7 cn,
62,turns and 2.5 cm in length.ére adopted.

The self-inductances of L1 and L2 are numerically evaluated
by a standard formula and obtainedféjééva.and 6.65 uH, respect-

1vely. Ly 15 also estimated and it was found to be about 0.15 nH.
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Using these estimations of Ll, L2 and L3, tﬁé‘magnetic field

AH induced in the probe cofl is estimated as
RH = - 0.872 |- ma®am. - (0e) (10)

31 Detailed anstrﬁction of'The Transformer System

The field probe (H.P. 3529A) is the magnetic field sensor
for detecting the magnetic field in the probe coil. Its plastic
cover is stripped off. The field probe is drived by 20" kHz
signal and the leakage flux becomés a serious noise for the
transformer system. In order to shield the transformer system
from 20 kHz rf field, the fiéld probe is covered hy the copper rf
shield of 6 mm I.D., 7 mm O0.D. and 35 mm in length as showﬁ in
Fig.1lZ2. The probe system is located inside the NbTi shield case
in liquid AHe bath.

The probe coil is wound around the copper tube. The bias
coil for adjusting the detector 1éve1 of the clip-on dc milli-
ammeter is also wound on the probe coil. The bias adjustment can
easily be done by feeding an additional de¢ current to the bias
coil from an external current source of Keithley model 225.

The pick up coil was astatically wound around the Bakelite
bobbin and it was tightly set iIn the vacuum can as shown in‘Fig.
i2. All connections of the transformer are connectéd with spot
welding.

A heater wire of about 100 @ is wound around a part of the
NbTi leéds. It is used to destroy a residual supércurrent trapped

in the transformer and to establish the scale of the c¢lip-on dc
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milliammeter to zero before meagurements.

The transformer iSymadé of 0.070 mm in coré diameter copper
coated (0.100 mm in diamétér) formyal insulated (0.144 mm in
drameter) NbTi wire manufactured by Vacuum Metallugical Co. Ltd.

As shown in Fig.;z, thé supérconducting:magnet is attached
to the vacuum can with.thé finé adjustmént system so as to set
the magnet just in the center of the pick up coil.

The main part of the vacuum can is madé of 24 ym I.D. and
25 mm O0.D., stainless steel tube except the sample part. The
central part of the can iIs made of coppér in order to avoid the
spurious magnefic effect to pick up coil system. The system

given in Fig}lé is used both for the model I and iI in common.
§ 3 Operation of The Cryostat

(1) Model I cryostat

The temperature dependence of the:magnetization can he
observed as follows. After transferring liquid ”He in the Déwar,
a desired static magnetic field is supplied by the superconduct-
ing magnet in thé persistent current mode with breaking thé trans-
forﬁer circuit by the heater. Next, the detector level of the
clip-on dc milliammeter*'is adjusted by the bias currént so as to
_cover the desired range of the sample magnetization. The témper—
ature dependence of the magnetization can be measured with decrea-
sing temperature. A desired temperaturé between 4.2 K and 1.2 K
can be obtained by pumping out ‘He gas by 3000 litters/min. Kenny

type pump. Around 1.2 K, 3He gas 1Is liquified. The exchange gas
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is evacuated to ghout 10”0 Torr. hy diffusion pump and a required
température down to~0;5 K can Bé oﬁtainéd by pumping out 3He gas.
The températuré dépéndencé of thé'magnétization is observed and
recorded by looking at the change of the detector level of the

clip-on de milliammeter.

(2] Model iI cryostat

The magnetization1méasurement by thé.modél II cryostat can
Eé done in the following procedure. After obtaining a desired
temperature by the similar method given in the previous subsection,'
the required field'is supplied by a superconducting magnet with
breaking the tfansformer circuit. The transformef circuit is
operated after getting a desired édnstant fiéld and thé detéctor
level of the clip~on dc milliammeter is adjusted as before. The
sample is inserted into thé pick up coil by driving the dc motor
and the magnetizatidn is méasured.' After the temperature measure-
ment "hy the germanium thermométer, the sample is extracted and
the magnetization is measured again. Thé difference bétwéén the
maximum and the minimum values of'therdetector level should be
proportional to the magnetization of the sample. Repéating this
insertion and extraction in the various fiked'magnetic field
under the coustant température, the magnetization curve can bé

obtained between 0.5 K and 4,2 X.
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§ U Characteristics of The Cryostats

The experimental test of the present cryostats forjmagneti;
zation measurements was done by using:a typical paramagnetic CMN
sample. There are two important parts for obtaining high sensi-
tivity of the magnetization measurements. One of them is the
noise level of the traﬁsfonmer_signal corresponding to the field
fluctuation in the probe coil and the other is the long time drift
in the coil. A typical experimental datum without sample is
shown in Fig. 13. It shows an output of the fluxgate magnetometer
showing the field fluetuation level in the probe coil. The resuit
shows that both the fluctuation and drift are within 1.2 x lO"ll
mA of the magnetometer which corresponds to the sensitivity of
the magnetization change AM in the sample coillas AM = 7 x 10__5
Gauss. This may be enough for usuallmagnetization measurements
except the nuclear paramagnetism.. ‘

It is difficult to determine the absolute value of the magl
metization change by using the present equipment. Therefore, it
is usually calibrated by the Faraday methed in higher temperature
region.

Typical magnetization data of CMN are shown in Fig. 14. The
CMN powder is mixed with Apiezon N grease and is holded with a
cylindrical shape of 3 mm in diameter. The output current (A)
which is proportional to the susceptibility is proportional to l/T,‘
therefore, the accuracy of the equiﬁment is garanteed.

An example of the output signal of the magnetometer due to the
sample motion is shown in Fig. 15. Fig. 15aAsHows relative posi-

tions of the sample and coil and the corresponding signal is illus-
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- trated in Fig. 156. When the sample is far from the pick up coil,
the signal level is zero as is shown in the position A and the |
level shows its maximum at B, i.e., fhe sample is just at the
center of the sample coil. The level becomes négative around C
because of the negative flux change dﬁeetbxthéicompenSation:coil.
The level shows a similar change by extracting the samble as 1is
easily seen in Fig. 15b. This magnetization measurement can easily

be done by using the present fluxgate magnetometer.
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C Thermometry below 1 K

§ 1 Introduction

There are severalﬁmethods~of‘measuring temperatures below 1
K. In the JHe temperature region, f.e. 1 & 0.3 K, use of the
germanium thermometer iIs most convenient because the commercial
one has enough calibrations in the above temperature range.
Therefore, the germanium tﬁermometer.Was used both for the model
I and II systems, as waé described in the pre?ious section. The
used thermometer is GR-200A~100 calibrated by Lake Shore Cryotro-
nics. Below 0,3 K, however, the thermometer has no reliable
calibration. So, we must use other thermometers, especially~for
the ESR study ardund’o.l K. Generally speakihg, the magnetic
susceptibility thermometer using typical paramagnets such as CMN
may be the most reliable one around 0.1 K. Howéver, it 1s not so
convenient because the field Sensor, i.e. the Hartshorn coll and
the sample, is not so small. Moreover, it is sensitive for the
magnetic field near by. Considering these facts, a carbon resis-
tor was used for the ESR study and the CMN thermometer was used
for the calibration of the carbon thermometer. The practiéal
design and operation of the CMN thermometer is described in thé
next section and the caiibration of the carbon resistor is shown

in §2.
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§ 2 ac Susceptlbllity Measurepent hy Hartshorn Mutual Inductance
- Bridge and Calibration of The Carbon RBesistor |

The ac Hartshorn mutual inductaﬁbe bridge has Eeeh éonstructed
In our laboratory In order tO'measuré the ac susceptiblility of
CMN for the calibration of the carbon résistor below 1 K.

A block dlfagram of the bridge is shown in Fig.1lb. A low
frequency of about 100 ~ 200 Hz oscillating field of about 1 Qe
is supplied into the primary coil A. PAR 1l24p 1ockrin»amplifire
is used as a detector in high_sensitive ac voltmeter mode. Two
mutual inductors~Ml and'M2 are used for the bridge balance. Ml
is the type 4229 calibrated variable mutual inductor of H.
Tinsley Co. Ltd. and.M2 is the Brooks type variable mutual induc-
tor of YEW (Yokogawa Electric Works).

Cut view of the cryostat for the ac susceptiblility measure-
nents is shown in Fig.1l?7. 3He and adiavatic demagnetization
stage are similar to those of ESR measurements described in A in
Part T. 3He gas 1is condensed in 3He pot C through the evacuation
pipe A. About U0 grams of Fe ammonium alum is packed in the pill
F with Apiezon J oil and about 100Q, polyurethane insulated
copper wires of 0.05 mm in diameter. The salt pill F is susbénd-
ed by the teflon supporter E from the bottom of 3He pqt C. The
manganin heater P of about 100 Q is also immersed in the pill in
qrder to control the temperature. The sample M, the germanium
thermometer I and the carbon resistor H are immersed in the ther—
mal link O made of about 300 polyurethane insulated copper wires
of 0.05 mm in diameter. The coil set N (primary coil K and‘

secondary coil L) for the susceptibility measurements is attached
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to &£he bottom of fﬁé aditayatic vacuum can B. The.&acuum cell J
for the coil set was made of STYCAST 2850-GT By Emerson & Cuming
Japan K.X.. D is lead wires for tﬁévcoils and thermométers. G ..
Is the superconducting magnet for thé adiavatic demagnetization.

Operations of this cryostat is similar to that of ESR one.

(1) Coill Design and Construction

There have Been'many‘studiés352, 36)

for the precise tempera-
ture measurement below 1 K using ac Hartshprn mutual inductance
method. The presént colls Weré also designed according to their
results and its geometrical constructions are shown in Fig.18.

For the geometry in Fig.1l8, the mutual inductance LM due to

the sample of CMN is given by 32

_ 2 | -9
Ly = 16 - mn_n VXf £ x 1077}, (H) ()

—

for a spherical sample where fs and fp are geometrical factors as

. 1 , 1 Gt
- % 5 dlf?lz 173 (2)
) [bs+(dl+3l) ]
and
a +1 - d.+d. +31
' = % I— - 5172 T 5 R 51730 (3)
p [bp+(d2+l) ] [bp+(dl+d2+3l) ]
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In eq. (1), np and n_ are the nugher of turns per unit length on

s
the primary and secondary‘windings;'v,is the voiume of CMN, x is
its susceptibility and ﬁs‘and Bp aréléfféctive radii for the

secondary and primary coils. The diménsions of the présént coil
such as i, dl and d2 aré éhown in Fig,18. TFrom tﬁésé parameters,

fp and f_ are given to He 0.820 and 0.879. n, and n_ are deter-

mined as 1683 turns/cm and 2041 tﬁrns/cm, respéctively.

(2] Sensitivity and Calibration of The Carfion Resistor

The sensitivity of the presént coil was calibrated by
measuring the powdered susceptibility of about 1 gram CMN between
4.2 K and 1.2 K. As already described In (1] in fhis section,
the parameters nys Ngo fp and fs afe knowﬁ. Then eq. (1) is

written by
Ly = 0.391 x xV. H) - (h4)
In the present system, the minimum detectable change of the

mutual inductance ALM'an under the usual condition was obtained

as

AL, .o = 3.3 x 107°, - (uH) (5)

Then, the minimum detectable change of the susceptibility Axmin

per unit volume for the present system was determined as

AX 5 =:é;4f x 107 . (emu) (6}
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This sensitiyity 1Is enough for the calibration of the carbon
résistor EélOW‘u.2 Kiﬁsing CMN of about 1 gram. The accuracy of
thie temperature determination s about 0.1 % below U.2 K.

In our ESR'méasuréménts, a commercial Matsushita carbon
resistor ERC-GJ, 1/8 ¥, 100 Q resistor was used as a thermometer
down to 100 mK. A famous carbon resistor‘madé by Speer is also
effective but the size of Matsushita carbon resistor is smaller
than that of the Speer. So, we used the former one.

The calibration of the carbon resistor was done by simul-
taneously measuring the ac susceptivility of CMN and the resist-
ance of the carbon resistor uSing the already mentioned cryostat
as shown in Fig.l?. The resistané‘e;‘was measured by the automatic
resistance bridge of IT (Instruments for Technology Ltd). It can

11 W power dissipation with

measure the resistance within 10~
about 0.5 % precision even below 0.1 K.

The temperatures of the ESR measurements done in the present
study was calibrated using Fig.l9. The field dependence of the
fesistor is expected to be within a few percents up to 30 kOe.
For the aging effect of the resistor, the similar CMN calibration

was done after one week and tried again after about one year.

The drift was found to be a few percents.
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10.

Figure Caption
Schematic view of the ESR cryostat. The symbols in the
figure are explained in the text.

3

Detailed constructions of “He and adiavatic demagneti-
zation stages. The symbols in the-figure are explained
in the teit;

Schematic view of the cavity.

Block diagram of the ESR spectrometer with the micro-

wave power modulation.

An example of the cayvity temperature during the ESR

measurements.

Recorder traces for the AFMR line in RanFB.at the

cavity temperatures T, =4.2K n~ 0.14 K for the frequency

vy = 32.44 GHz. The vertical spike-like lines are

field marks. _ ' .

The square of resonance field HO2 versus the inverse of

= 32.44 GHz and H

the cavity temperature l/Tc, for v 0

0
parallel to the cubilc axis in RanF3._ A solid line

shows the linear relation H 2 versus l/TS.

0
The sample temperature TS aska function of the cavity
temperaturg Tc' The theoretical lines (1), (2) and (3)
are givén in %he text.

Outline of the fluxgate magnetometer.

Cut views of the sample holders in the models I and IT

" systems.

Schematic view of thé transformer coil:system.

Relation of the pick up coil and sample.
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Fig. .

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

13.

14,

15a.
15b.

16.

18.

Detailed structure of the vacuum can an& transformer
system.

An example of the recorder. trace without the sample at
the fixed field of 200 Oe.

Experimental results of the magnetization méasurements
in CNMN.

Schematic view of the sample motion.

A recorder trace of the magnetometer output under the
sample motion. |

Block diagram of the low fréquency ac Susceptivility
measurement system by Hartshorn mutual inductance.
briége; |

Cut view of the low temperature cryostat for low frequ-
ency ac susceptivility measurement by Hartshorn mutual
inductance bridge.

Construction of Hartshorn coil. The coil length is
given by mm unit. |

Temperature dependence of the resistance in Matsushita

ERC-18GJ, 1/8 W carbon resistor.
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Part II

Electron Spin Resonance in Copper Sulphate Pentahydrate

down to 100 mK

S Synopsis

Copper sulphate pentahydrate CuSOu-5H2O is investigated by
electron spin resonance at 9, 17, 24, 35 énd 45 GHz bands down to
about 100 mK using a combined cryostat of 3He and adiabatic
demagnetization described in Part I. Above 70 K the temperaﬁure
dependent exchahge interaction between two inequivalent sites A
and B in the c¢rystal is found. Below 20 K the temperature
dependent shifts of resonance lines are observed and it is
analized by taking-into account the H/T effect in the dissimilar

spin sites_using the molecular field theory.
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§ 1 Introduction

In recent years, there have been.manyAintensive studies in
magnetic properties of low dimensional ferro- or antiferromagnets.
In contrust with usual‘three—dimensional magnét33’ these low
dimensional magnePS'are'dharacterized by the short-range ordering
in a wide temperature range afound ifs_éharacteristic temperature
zJ/kB, where J is the main exchange interaction in the chain or
layer and z is the number of the nearest neighbor interacting
spins. 1In the.short—range ordered region, many interasting
magnetic behavior such as a broad. peak in magnetic susceptibility
and specific heat, the shift of g-value and the characteristic
temperature dependent line width of ESR line have been observed by
many researchers. In our laboratory, so far, ESR studies have been
done to investigate the spin dynamics in the short-range ordering
-region as well as below TN in some low dimensional antiferromagnets

such as Cu(NHj),S0,H ol), KCuF32), Cu(Hcoo)2-4H203),.TMMC“),

2
2w a5) , 6)
Cu(C6HSCOO)2 3H20 , CuCl,-2NC_H

p*2NC5H5 ", b

2PbCu(N02)67) and

Cu(ND3)MSOu'D208) ete.
The series of the low dimensional magnet studies in our
laboratory are now extended to CuSOu-SHZO. According'to the
proton NMR experiments by Poulis et'al.g)’ 10), this crystal
cohsists of weakly coupled two spin systems A and B, where A'énd B
spins belong to the inequivalent A and B sites, respectively. The
A spin system shows a characteristic of Heisenberé antiferromagne-
tic linear chain and exibits a transition to a long~-range ordered

11), even though the B system 1s still pafa—

12)

state at Tc ~ 100 mK

magnetic at this temperature. This partial ordering of the A
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spin in addition to the one—dimensional'spin dynamics is one of
the attractive subjects of the present ESR study.

ESR measurements of this compound were performed by Arnold
and Kipl3), Wheatley and Hallidayl?) and Bagguley and Griffithsl®).
The exchange splitting of ESR lines was first observed in Q band
region by Bagguley et al%B) and the exchange interaction between
two crystallographic inequivalent spins was determined to be
about 0.11 K at room temperature. The low temperature ESR measure-

16) in the plane

ment down to 1.2 K was performed by Abe et al.
containing the two inequivalent copper spins. They found that one
of the two well-split lines at room temperature was anomalously
broadened below 20 K at Q band measurements and they concluded
that the line broadehing comes from the short range ordering
effect in the A site linear chain.

We performed the ESR measurements in CuSOu;BHéO using a

3

combined cryostat of “He and adiavatic demagnetization in a tem-
perature range from room temperature down to about 100 mK at 9,

17, 24, 35 and 45 GHz bands. One of the remarkable results is

that the temperature depéndent exchange interaction between two
inequivalent sites of copper spins was obserVed above 70 K and

it increases with decregsing temperature. The similar phenomenon
was first observed by Okuda and Datel’) in K,CuCl,-2H,0 and
K20u014-2D20. Another interesting resﬁlt is that the temperature
dependent shift of the resonance lines in a low temperature region
below about 20 K to 0.5 K was observed. These resonance line |

shifts are analyzed by taking into account the H/T effect between

the dissimilar sites A and B using the molecular field theory as
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was done in some copper compounds by Kuroda et al.18) These

results are summerized in §3 and are discussed in §i4.

§ 2 Crystal and Magnetic Structure

The X-ray analysis of the ecrystal structure of CuSOu-SHZO

19)

was performed by Beevers and Lipson and neutron scattering

experiment for the determinations of more detailed and.complete
atomic positions was done by Bacon and Curry20). According to
their results, CuSOu-SHzo has a triclinic structure with space
group C:. The dimension of the unit cell is a = 6.141 A, b =

o] o] .
10.736 A and c 5.986 A, and the interaxial angles a = 82° 167,

B = 107° 26” and y = 102° 40’20). The projection of the crystal
structure on the ab-plane is shown in Fig. 1. The unit cell has
two inequivalent cu®t ions at (0, 0, 0) and (1/2, 1/2, 0)
positions, which are abbriviated as A and B sites, respectively,
as shown in Fig. 1. Each of the two cupric ions 1s surrounded
by four water molecules and two oxygen atoms of sou2" group in a
slightly distorted octahedral arrangement as shown in Fig. 2.
The nomenclatures in Figs. 1 and 2 were quoted from the paper of

19)

Beevers and Lipson . The two remaining H.,0 molecules 9(H20)

2
and 9’(H2O) are at a somewhat long distance from both cu’t ions
at A and B sites. Local electric fields acting on the two Cu2+
ions are nearly tetragonal. The angle ekbetween the two tetra-
gonal axes of A and B sites which are defined as the lines connec-
ting two oxygens belonging to the soug‘ group, and are called L2

15)

and LM directions , respectively, is 94.7°. The calculated
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angular relations between the crystal and the two tetragonal

20)

are shbwn in Fig.
21)

directions using the data of Bacon and Curry
3.and they are slightly different from those of previous data.
Mégnetic and thermal properties of thié»single crystal of

CuSOu.SHéo were studied by maneresepcherszl)_zg). A broad

2L).

maximum in the specific'heat was found near 1 K and it was-

first believed that the B site copper ions make a one-dimensional
chains along the c-axis. _Recent proton NMR experimentsg)’lo)’30),
however, showed that the A site copper ions along the a-axis are
coupled by the dominant exchange interaction J/kB.= =1.45 K and
compose.the bundle of linear chainé along the a-axis. Further
NMR and specific heat ihvestigationsll) in lower temperatures
showed .the onset of antiferromagnetic lbng-range order in the A
site copper ions at about 100 mK, even though the B site copper
ions are still paramagnetic down to about 35 mK29). The
interchain exchange energy among thé A site chains was estimated
to be zJ°/kg = -0.14 * 0.03 k1) | These peculiar magnetic phase
" transition was also obtained in the similar isomorphous systems

12) and'CuBeFu-5H2O3l)’32).

such as CuSeOu-SHZO

.The g-tensprs of A and B sites have the tetragonal}symmetry
corresponding to the-symmetry‘of_the,cryéfal field acting on.the
Cu2+ ions and the values were detetmined by ESR measurements to

be

= 2.412 * 0.005

._Uq
|

(1)

g, = 2.102 * 0.005
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where g, and g, mean the principal g-values parallel and perpen-
dicular to the tétragonal axis;'féspédtivély. These values are
consistent with ‘the results of previous work 191° 10} mnougn
the local ényironmént of two Cu2+ ions belonging to the A and B
sites is different, the principal.g—ténsqrs are almost the same.
If the exchange inféraction I am ﬁétweéﬁ two inequivalent sites A
and B is sufficiently weak |compared with the difference of the
Zeeman energy bétwéén thém, two well-split ESR lines should be
observed. If the condition is opposite; two lines should be
amalgamated. Considering the simplest exchange coupled two spin

system, the splitting criterion is given as
AgugH = 27, | (2)

- where Ag = 8y —'gB, and 8a and.gB are g-tensors correspénding to’
two inequivalent copper spins. This exchange splitting phenomenon
was first observed by Bagguley and GriffithslB) in the Q-band ESR
at room temperature in CuSOu-SHZO. According to above criterion,

the exchange constant J was determined by them to be 2JAB/kB =

AB
0.11 X at room temperature.

| The linear chain mechanism of the exchange interaction may be
understood by considering the configuration of the wave funétion
of cu®t ions as follows: The cu®t 1on in a tetragonal local envi-
ronment has the ground state wave function of d(xz—yz), which
spreads in the plane of four HZO molecules as shown in Fig. 2.

This is confirmed by looking at the g-tensor symmetry. Thus, the

exchange interaction through the path (I) of A site ions along the
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a—axis as shown in Fig. 4 is considered to be dominant, compared
with. the other eichange path (I1) along the c—axis. Other excha-
nge intefactions; i.e?, the A-B and intra-B sité‘intéractions may

be small compared with the path (I) exchange.

§ 3 Experimental and Results
(1) Experimental

Eleétron spin resonance was performéd in the temperature
range from room temperature down to about 100 mK at 35 and 45 GHz
bands. Abové 1.2 K the conventional transmission type of cryostat
with 100 kHz field modulation was also used at}the frequency 9,
17, 24, 35 and U5 GHz. The temperature was measured by using
AuCoz.l%—Cu thermocouple. Below 1.2 K the combined 3He and adia-
vatic demagnetization éryostat was used. The detailed construd—
tion and operation of this cryostat are described in A in Part I.

The crystal was grown from saturated aqueous solution by
slow evaporation at room temperature and it has a well-developed
[0,0,1]-zone plane.

In every experiments the sample was checked by taking the
angular dependence of ESR lines at 35 GHz at room temperature in
order to ascertain the desired diréction of the crystal and to

avoid the twin crystal. The setting error of the crystal direc-

tion is less than about * 5° in the all present ESR measurements.
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(2) Summary of Tﬁe Experimental Results
(2} Temperatﬁré;'Freqpency and Angular Dépéndencés of The Exchénge
Splitting |
Most of the measurements were done in the plane including
two tetragonal axés L2-and LM‘ Only one éxchangé narrowed line
was observed at the 9 GHz band in all temperature region. Its
angular depéndencés of the resonance line and line widths at the
9.385 GHz at various temperatures are shown in Fig. 5.
At the 35 GHz band, the exchange splitting phenomena were

observed around the L, and LM axes as shown in Figs. 6 and 7. In

2
Fig. 6, it is noticed that there exist two angles for the maximum
separation corresponding to the L2vand LM axes and the angle
between the both axes is about 90°. The separated lines amalga-

mate to one line at about 29° * 2° from the L, or LM axes. The

2
~observed exchange splitting is satisfactorily explained by the
model that the local tetragonal axis of the A site points in the
L2 direction while the tetragonal axis of the B site is parallel
to the LM axis as is pointed out by Bagguley.and GriffithslS).
A new information given in Figs. 6 and 7 is the temperature
dependence of the exchange splitting. If the exchange constant

JAB were temperature independent, the splitting'pattern should

not depend on temperatuée. However, a clear_temperature depend-
- ence is observed in Figs. 6 and 7. This means that the exchange
constant becomes large as temperature decreases. The detailed
discussions will be shown in §4. |

At the U5 GHz band, the similar exchangé splitting pattern

was obtained as shown in Figs. 8 and 9. At the 35.758 GHz the
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two split lines ‘amalgamate to one line below about.YQ:K, while at
the 45.35 GHZ'twpﬂséparatéd lines can be observed.
The frequency dependence of the exchange splitting at room

temperature is summalized in Fig. 10..

() Resonance Shifts =

'Témperature'dépéndéncés of thé'résonance'line from room temp-
erature to 1.2 K at the 9.385 GHz in the field parallel to the L,
and L4 axes are -shown in Fig. 11. The résonance lines shift with
decreasing temperature to lower and higher field sides when an

external field H is applied to ths L, and LH directions, respect-

2
ively.

The temperature dependences of the exchange splitting lines
above about 70 X at the 35.640 GHz are shouwn in Figs. 12 and 13,

when the external field H is applied parallel to the L, and LM

2
axes, respectively. The magnitude of the exchange splitting
becomes small with decreasing temperature as was explained in (a)
in this section. This means that the exchange constant JAB
clearly depends on temperature. With decreasing temperature below
aboﬁt 70 K, the temperature dependent shifts of the amalgamated
line were observed at the 35.640 GHz. When the external field H
is applied parallel to the L2 axis, the line shifts to higher
field side between about 70 K and 0.5 K as shown in Fig. 12. When
the field H is applied parallel to the L4 axis, the shift is
opposite as shown in Fig. 13.

In the 45 GHz band, similar temperature dependence of the

exchange splittingwas observed above 70 K. However, the amalgama-
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tion does not occﬁr even in the low temperatures and the lower
'field linéS'always shift to lower field side below about.QO,K.aé
shown in Figs; 14 and 15: ‘The‘intenéitiés of the.lower-field
lines'hécomé wéakér and weakér miihﬁdédréasing temperature below
some tens Kelyin. When the external field H is applied parallel -
to the L, axis, the inténsity of lower field line diminishes and
the resdnance'line'disappéras beIOW'aboﬁt'3 K.while the higher
field line slightly shifts to higher field as shown in Fig. 14.
When the field H is parallel to the LM axis, both resonance lines
shift to lower field side and théy bécome constant below about

0.5 K as shown in Fig. 15.

(¢) Line Width

Angular depéndeﬁcesbof'thé maiimum slope width at 9 GHz band
are shown in Fig. 5. The Widths incréasé with increasing tempera-
ture above about 100 K in both.L2 and LM directions from about 80
Gauss to 15Q Gauss. Thé témperaturé depéndences of the line width
are shown in Fig. 16.

The line widths in the 45 GHz band become sharper and sharper
with decreasing temperature down to about 035 K and it becomes
constant below about 0;5 K. Aboyve 100 K the 1line Widths rapidly
decrease with.degreasiné-témperaturé. The temperature dependences
of the line widths at U45.388 GHz with the field H parallel to L,

and L, axes are shown in Figs. 17 and 18, respectively. The

~widths in Figs. 17 and 18 are given by the full-half width.
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§ 4 DiscussionS'.
(1) Temperature. Dependence of Exchange Interaction

The témperaturé'depéndént:eichangéfconstant JAB,iS éstimated
By using the data in Figs. 6, 8, 12, 13, 14 and 15, as is shoun
in Fig. 19. The experimental results shows that the exchange
interaction'2JAB/kB betwéén Cﬁ2+ ions incréasés with decreasing

temperature up to .24 K. Below about 70 K, J,, becomes constant

AB
and it is about two times 1argér than that at room temperature.
Our data of J, at room temperature is slightly iarger than that
of Bagguley and Griffiths’®) as shown in Fig. 19.

There are.two possible mechanisms for explaining the temperaf
ture dependence. One of the méchanisms is expressed‘in the
following way: if there are two competing ferro- and antiferro-
magnetic interactions bétweén thé A and B sites and a small
difference in temperature coefficients between the ferro- and
antiferrbmagnetic’interaction existét)the temperature dependence
. of the resultant exchange intéraction will occur. The other one
is that the exchange path between copper ions is modifyed by the
rotational motion of H20 molecules connecting the A and B sites
ions. It is known from the NMR experiment33) that the rotational
vibration is strongly temperature deﬁéndent. Anyway, however,
there is no definite evidence for explainingvthe large temperature

dependence in JAB’
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(2) Paramagnetic.Resonance Shift at Low Temperature

The shift of the resonance lines hetween ahout 20 K and 0.5
K as is shown in Figs. 14.and 15 cahibéfeiblainéd in the foiloﬁing
way. CuSO,-SH,Q has two inequivalent sites A and B with different
é—ténsors and the béth;sitéS'aré coﬁpled with a felativély wéak
éxchange interactioﬁ‘compared ﬁithﬁthe'différénéé of thé Zeeman
enefgyu When ﬁhé'oné site spins in CuSOu°5H20 is just on resonance,
ﬁhe other site spins is at réSt. The spins at rest give the>mole-
cﬁlar field due to ﬁhe weak.éxchange coupling to thé other site
spiﬁs. As this molecﬁlar field should be proporfidnélrto the
pblarization of the spins af rest, ﬁhe shift'depénds on both the
temperature and.magnetic field. TheAmechaniSm of the shift
considered here different from the shift introduced'by'Nagéta et
a1.34)"35) for explaining the shift'in low dimensional magnets.
The shift discﬁssed,hefe was first presentedbby McMillan and

OpechowskiBG)’ 37)

using the.techniqUéiof the moment expansion
method. They calqulated the firstrmoménﬁ bj using the trancation
method of the total Hamiltonian taking into account the dissimila—
rity of the A and B spins under the condition that AgugH >>~2JAB,
One of the experimental example to this theory was done by Svare
‘and Seide138) in K,Cu(S0,),-6H,0. However, it is not suitable to
apply above theory td tﬁe shift in the_present case of CuSOu-SHQO
‘because the exact calculation of the first moment is difficult
and the condition is not always well satisfied.

Recently, the molecular'fieid apprqach‘to the shift of the

18)

resonance lines was done by Kuroda et al. taking into account

the H/T effect in order to analizé the éXChange splitting in some
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copper compounds such as (NH4)2CuClu-2H2O, (NHu)ZCuBru-2H20 and

uHe

Cu(NH3)MSOu-H2O in submillimater ESR experiments at liquid
temperature using pulse high magnetic field at Osaka University.

This treatment is baéed on the classical mblecular field theory
39)

of ferrimagnetic materiais developedﬂby Wangsness
The essential poiﬂf of the theory is'as follows. When there
ére two inequivalent spins with differen’c‘g'-tensor*s.gA and'gB in
-ecrystal, the system can be regarded as a two sﬁblattice system of
MA andAMB with different g—ﬁensors_gA and>gB, reépeétively. The
treatment is not appropriate‘at high temperature region but itvis
applicable at low temperature becausé the polarizations of the
sublattice magnetizations become large. The two subléttices are
connected to each other by the molecular field coming from the
exchange interaction between ineqﬁivalent sites A and B. The
temperature dependence of the resonance shift can be estimated
by the temperature dependence of the sublattice moments and it
can be easily be calculated.
39)

. + - .
The resonance frequencies w and w given by Wangsness

in a spherical and isotropic ferrimagnet -can be written by

+ .
w” = {yH - %(YAMBZ +vgMy )}

2M ]l/2 (3)

+ L - oM, )}

= pLiavH - Aly My, = vgMy 03" + By, vgh™My My,
where Yp and Yp are the gyromagnetic ratios of the two sublattices
M, and My, respectively. Y and Ay are defined as ¥y =~(YA + YB)/2

and Ay = Yp ~ Yp- The molecular field constant A is given by
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A = ZZJAB/NYAYBhZ; where N is.the'number Qf the spins in a sub-
lattice, z is thé'hﬂmbér qf intéfacting spins. Mﬁz and MBz aré
theﬂmagnetic.moménts'along thé'fiéld'for A and B sublattices,
respectiyely. Thé'transvérsé components of them are assumed to
ﬁe\small. The shifts AH' and AH™ corréSponding to w' and m—,.resf

pectively, are'writtén as -

B =~ SI6H + A(MAZ.+ My 3}
+ %[{GH + AQ, - MAZ)}2 + LIAZIVIAZMBZ]U2 )
and
AT = RM&H - AQH, + My ))
- 3LI6H + Gy, - M, )} + MAZMAZMBZJVE‘, | .(5)

Where §H is the difference of the resonance fields at sufficiently

high temperatures.

Temperature dependence of the resonance field was calculated
as follows. As the exchange interaction JAB between A and B sites
was obtained by ESR mea;ureménts around 70 K to be 2[JABl/kB =

- 0.236 K, the molecular fiéld constant A is calculated with 2z 2

assuning JAB to be férromagnetic. The temperature depehdence of
MAz is obtained by using the experimental results of NMRlO). On -
the other hand, the températuré dependence of MBZ is obtained by

a simple Brillouin function because the B site is paramagnetic.
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Hence, the shifts qf the resonance fields AH' and AHf:can be
calcﬁlated.by~ﬁsingAeQS; ) and (5): réspéctively.

The calculated AH' and AH™ for the 45 GHz'région~afe shown
in Figs.'éo.and“Zl; where the experimental results are ‘also given.
Satisfactory agréémént bétWeén thé'thedry and éxpériments is
obtalined for thé'B sité; while a qonsiderablé déviation is found.
for the A site shift. Thé'déViation in thé A site may be expla-
ined hy considering the short—rangé ordéring éfféctBu). However,
the numerical estimation is difficult»bécause the calculation of
the correlation function in our case is not so simple.

When the exchange interaction is ferromagnetic, the intensity

of the lower field resonance should bé wéak18)

and the experiment-
él results supportlit. This result~méans that 6ur assumption of
the ferromagnetic JAB is corréct.

In 9 GHz région, a rélation AngH £ 2Jyholds so that the
resonance lines belonging to two différent Cu2+ ions are amalga-
mated by the exchange interaction. The molecular field theory
can also be applicable for this condition. The resonance formula

39)

for the low frequency mode is written as

H, | | (6)

9T Yerr ‘
where
, __Mpp * Mg, 7)
eff ~ M, /v, My /g

The experiméntal réSults of thé'shiftfin CuSOu-5H20 can satisfact-
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orily be described by the theory as shown in Fig. 22.

As shown in Figs. 17 and 18, the line widths decrease with
decreasing températﬁré'and théyiﬁédoﬁé”constant bélow’OLS K. If
the A site is antiferromagnetic below about 100 mK 1), the short—
range order broadéhing.may dccﬁr near TN but it is not obsérved.
This may be understood by thefmodél that thé'external field sur-

presses the spin fluctuafion and thé’broadening effect is reduced.
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Figure Caption

Fig. 1. Crystal stfucture of CuSOu-SHzO projected on the ac pléne.
Unit cell consists of two inequivalent Cu2+ ions at
A (0,0,0) and B (1/2,1/2,0) positions with different
tetragonal axés L2 and LH’ respectively. Lattice constants
and interaxial angles are also shown. The nomenclatures
were quoted from Beevers and Lipsonlg).

Fig. 2. Local octahedral atomic arrangement around two inequiva-
lent Cu®’ ions A (0,0,0) and B (1/2,1/2,0). Atomic
distances are also shown.

Fig. 3. Angulér relation between two tetragonal axes L, and Ly»
and crystal axes a, b and ¢. Interaxial angle 6 between

two tetragonal axes L, and L4 is 94.7°.

2

Fig. 4. Probable exchange linkages about Cu2+ ion at A (0,0,0).

Fig. 5. Angular dependence of the amalgamated line and its width
at 9.385 GHz at various teﬁperature.

Fig. 6. Angular dependence of the exchange splitting in L2Lq—
plane at 35.758 GHz above 70 K. Two exchange split lines
were observed around L2 and L4 axes forming two circles
in the plane and they shrink with decreasing tempérafure.

Pig. 7. Angular dependence of the amalgamated line in L2L4 plane
at 35.758 GHz in low temperature region. Only one line
is observed in all directions. Angular dependence of
the exchange splitting at room temperature is also given
in the figure. |

Fig. 8. Angular dependence of the exchange splitting in LoLy

plane at 45.35 GHz above 70 K. Two exchange split lines
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Fig.

Fig.

Pig.

Fig.

Fig.

Fig.

g.

10.

11.

12.

13.

14,

are observed around L., and LM axes.

2
Angular dependence of the exchange splitting in Lqu
plane at 45.515 GHz in low.temperature region.. Angular
dependence of the exchange splitting at room temperature
is also given in the figure.

Frequency debendence of the exchange splitting at room
temperature when the external field H is parallel to L2
axis. Exchange splitting occurs at 18 GHz and the
estimated exchange constant 2|JABI/ ky is about 0.12 K.
Temperature dependent;shifts of the amalgamated line at
9.411 GHz when the external field H is parallel to L2
and Lu axes;

Temperature dependence of the exchange splitting at

35.640 GHz from room temperature down to about 100 mK

when external field H is parallel to L, axis. The ;

2
temperature dependent exchange splitting is observed

above 70 K.

Temperature dependence of the exchange splitting at
35.640 GHz from room temperature down to about 100 mK
when the external field H is parallel to LM axis. The
temperature dependent exchange splitting is observed
above 70 K.

Temperature dependence. of the exchange splitting at
45.388 GHz from room temperature down to about 100 mK
when the external field H is parallel to L2 axis. Below
about 3 K, the lower field resonance line diminishes and

disappears.
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Fig.

Fig.

Fig.

Pig.

Fig.

Fig.

Fig.

15.

16.

17.

19.

20.

21.

22.

Temperature dependence of the exchange splitting at
45,388 GHz from room temperature down to about 100 mK'
when the external field H is parallel to Lu axis.
Temperature dependence'of the amalgamated lines at
9.411 GHz when the external field H is parallel to L2
and LM axes,-respectively.

Temperature dependence of the resonance line widths at
45,388 GHz when the external field H is parallel to L
axis. |

Temperature dependence of the resonance line widths at
45,388 GHz when the external field H is parallel to Lu
axis. ' |

Temperaturé dependence of thevexchange interaction JAB

between A and B sites Cu2+ ions. Exchange constants

15)

obtained by Bagguley et al. at room temperature are
also given by open circles, respectively.

Comparison between experimental results and molecular
field theory at 45.388 GHZ when the external field H is

parallel to L, axis.

2
Comparison between experimental results and molecular
field theory at U45.388 GHz when the external field H is
parallel'to L# axis.

Comparison befwéen»experimental results and molecular
field theory at 9.411 GHz when the external fiéld H is

parallel to L, and LM axes, respectiVely.

2
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Part III

Magnetic and Superconducting Phase Transitions in Erch_thaBu

Synopsis

In magnetoresistance measurements in Erch_thuBu from its
superconducting transition temperature TCl to 80 mK, the TCl and
the reentering temperature TC2 were determined as a function of‘
the concentration of Er. Comparing our results with the recent
theory of Maekawa et al., the exchange interaction J~ among
local spins and I between local spins and superconducting electrons
were estimated as J° = 0.3 K and I°N(0) = 0.046 K, where N(0) is
the density of state. A sudden decrease of‘ch at T,, suggesting
the first order transition was observed in a high concentrétion
region. .

In magnetization measurements from 4.2 K'to 0.5 K up to 29
kOe, an anomalous temperature dependence of magnetization‘suggest-
ing the presence of a new phase predicted by the theory was found

in ErthBq in narrow temperature region between 1.0 K and about

1.4 X in low fields H = 0 ~ 400 Oe.
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§ 1 Introduction
Since thé‘discovery'of the ré—éntrant supérconductivity in

1)

the ternary compounds (RE)RhﬂBu by"Fértig et al. and in the
ternary Chevrél—phaso compounds (RE)éMossS and (RE)xM°6seB (x =
1.0 ~ 1;2) by Ishikawa et al.z), where (RE) means a rare earth
element,vthere have beén growing intérést on superconductivity
and magnetic properties in these compounds containing a rare earth>
ion with localized moment. Génerélly speaking, in the case of
impurity spins in superconductors the fluctuation of local spins
inside a superconductor acts on a Coopér pair as a pair-breaker,

' therefore, weakens the BCS coupling. So the Tcl usually strongly
depends on the concentration of impurity spins. However, one of
the surprising features of our superconductors is an extreomly
weak depression of Tcl in spite ofbthe presence of localized
magnetic moment. Recently, the theoretical formulations of these
problems for superconducting and magnetic transition temperatures
in the rare earth ternary superconductors were presented by
Maekawa and tachiki3) as functions of the intra- and interatomic
exchange interactions and the concentration of local spins. To
verify their theory, it is desired to investigate the dependence
of Tc and TM on the concentration of local spins.

Another sﬁrprising‘feature in these ternary compounds is the
coexistence of superconductivity and magnetio long range order.
fb to the present, the‘coexistence of superconductivity and anti-
ferromagnetic order on Chevrel—ohase compounds (RE)1.2M°6S8 for
RE = Gd, Dy and Tb was comfirmed hy neutron scattering experiments.

4),5),6)

In addition to these compounds, the coexistence have
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7)

heen inferred in Erl 2M°6S8 » and the same kinds of selenide

8),9)

compounds, Howevér, no clear experiméntal evidence have
" been fouhd for the coexistence of superconductivity and long-range
ferromagnetic order. Actually, in-a ferromagnetié superconductor

ErRhﬂBu which becomes superconducting at Tc
' 1),10)

= 8.7 K and returns
1),11),12)

1
,» heat capacity
13),14)

to normal staté at T.5 = 0.8 K
énd neutron diffraction experiments have shown that the
destruction of superconductivity at Tc2 is accémpanied by the
development of long-range ferromagnetic order of.magnetié ions.
Quite recently, the appearence of helical spin order in ferromag-
netic superconquctor ErRhuBu in the superconducting state just
above the ferromagnetic ordering temperature is theoretically

15),161,17),18)

expected However, this possibility is still
controversial. There is no obvious experimental fesult for veri-
fying the coexistence of the superconductivity and helicai spin
ordering near T02 except for the suggestive neutron scattering
data13)’lq)'l9). To investigate this possibility we have precisely
measured the magnetization of ErRhuBu around Tc2 by using newly
developed fluxgate magnetometer. The concentration dependence of

Tcl and T02 and the temperature and concentration dependence of

the upper critical field H,, in Er Y

l—thﬂBM are also measured.
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§ 2 Crystal and Electronic Structure
X~ray diffraction experiment.of (RE)Rh,,_‘B,4 was performed by

20) as a series of investigation of crystal

‘Vandenberg et al.
structures of ternary rhodium borides.. The compounds (RE)RhuBu
with RE = Y, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm,".Lu and Th have the
same crystal structure with body-centered tetragonal lattice and
Space.group P42/nmc which is shown in Fig. 1. However, some
elements such as Sc¢, La, Ce, Pr, Eu and Yb do not form (RE)RhuBu
compounds. Th, Y, Nd, Sm, Er, Tm and Lu form superconducting
compounds while Gd, Tb, Dy and Ho yield ferromagnetic phase with
no superconductivity. Their superconducting transition tempera-
tures are by far the highest yet observed for any borides. This
superconducting behavior is in sharp contrast to that previously
found for the ternary-Chevrel—phase compounds (RE)XM068821) and
(RE)MO686822), where x = 1.0 & 1.2. Every rare earth compound-
has been to form a Chevrel-phase sulphide and selenide with the
exception of the Ce and Eu compounds, and they are all supercond-
ucting.

A comparison of electronic and magnetic properties in the
‘gleries of these ternary rhodium boride compounds in particularly
interesting. Though any obvious differences in the crystal and
magnetic structures can not be found in the series of these comp-
ounds, quite different electronic and magnetic properties appears.
The a/c ratio isAalmost constant in all these compounds and the
value of the effective moment ﬁeff does not show any anomalous
behavior. The series of these compounds can be clearly divided

to two groups, i. e., Gd, Tb, Dy and Ho group with ferromagnetic

~104-



and no SupercdndQCting'phase, and Er, Tm and Lu group with super-
conducting phase. Espécially, théré,é#ist a clear differencé .
between the heighﬁoring rare earth ions Ho and Er. HoRhuBMZB)

is ferromagnetic below 6.5 K while ErRh)B, shows the supérconduc-
ting transition at 8.7 K. Howévér, the éffectivé magnetic moments
of both rare earth lons aré.closé to each other. It is 10.6 Hp

for Ho and 9.6 ﬁB for Er and the differencé is only iO %. This
fact suggests that thé electronic and magnetic properties of these
ternary rhodium boride compounds may strongly Be modified by
delicate changes in the electronic structure, magnetic interactions
and so on. In.Chevrel-phase compounds it is experimentally
concluded that the superconducting properties are mainly determined
by the MO6— clusters and their relative positions2u). The exchange
interactions among 4f local spins are mainly produced by 6s conduc-
tion electrons and the contribution coming from Ud electrons, i.e.,
the superconducting electrons due to MO6- is negligibly small.

It is believed thaf the electronic and magnetic interaction mecha—

nisms of (RE)RhuBu are similar to those of the Chevrel-phase com-

pounds. This picture in ternary rhodium boride compounds (RE)RhuBu
25),26)

and was also adopted to the theory of Maekawa and Tachiki3).

was supported by the selfconsistent energy band calculations
27)
The relatively weak magnetic Interaction between the L loca-
lized moments by 5d and 6s electron bands of Er atoms leads to a
magnetic ordering at TM' However, once the superconducting state
has been realized, the exchange interaction is reduced because of
disappearence of polarization of conduction electronsvdue to the -

superconductivity.
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& 3 Experimental
(1) Sample Preparation

The sample of ErcY RhuBu was sYntheSized from high purity

1-c

oxide Er (99.9 %) and elements Rh (99.9 %), B (99.8 %) and Y

293
(99.9 %) from Shinetsu Chemical Co. Ltd.. In order to get a high
stoichonmetry, considérablé caré was takén as follows. The first
step is the synthesis of binary compounds MB#’ where M means Er

or Y. Generally spéaking, the hgxaboride MB6 is more stable comp-
ared with.MBZ, MBA and MB12. In ErB6, however, it is exceptionally

28)

unstable . ErBu was made from Er20 by using the induction

3

heating method.according to the reaction given by

Er203 + 10-B —— 2 ErB) + 3203 (gas). , (1)
The procedure is as followé. Powdered Er203, which is of pale.
pink, 1s mixed with powdered boron. The mixture was pressed by
1100 kg/cm® in the form of disk (13 mm in diameter and 3.4 5 mm in
thickness). The disk was heated by induction furnace in a graphite
crucible at about 2000 °C for one hour. The excess boron get off
as a gas df B2O3 during the‘chemical reaction. Other compounds,
ErB2 and ErB12 were not found in our disk. Synthesized ErBu is
gray. YBu was made by éonventional arc-melting method. When
induction method was used, it was difficult fo make a single phase
6f YBH' The reason is not yet clear. Probably the cooling speed
in the arc-melting method is faster than that of the induction
method and YB2 or YB6 can not be produced under the rapid cooling

procedure. The reaction is thus simply explained according to
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the following as
Y + 4 B—r-o> YB4 ' (2

This tetraboride is gray. and can easily distinguish.from hexa—
boride which ig blﬁe. As the second stép, the ternary compounds
MRhMBM were prepared by induction or_arc—melting of two constitu-
ents MB) and Rh under 1/3 atmosphéric pressure of Ar according to

the following reaction formula as
MB), + 4 Rh —— MRhB, (M = Er or Y) (3)

The synthesized saﬁple of MthBH was confirmed by X-ray diff{gction.
In the final step, Erch-thﬂBM and YRhMBM were synthesized b&
arc-melting with appropriate mixture of ErRhuB)1l and YRhuBu°

The annealing were done at 1050 °C for one week and an X-ray
analysis was done to check the crystal structure. The X-ray ana-
lysis also shows that a weak trace of RhB phase remaines in addi-
| tion to the tetragonal Erch—thMB& phase. The impurity phase is
almost independent of the heat treatments and the concentration
of Er.

The concentration 6f Er was dete£minéd by X-ray flourescence
method. As thé results, the concentration c-of 13 kinds of ternary
borides were produced with ¢ = 0.00, 0.13, 0.17, 0.26, 0.29, 0.4L,
0.53, 0.65, 0.71, 0.72, 0.82, 0.88 and 1.00.
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(2) Experimental Procedure

The measurements of dc electrical resistance of Er Y,  RhyB,
was done using adiabatic demagnetization réfrigerator combined to
3He stage from 4,2 K doun to 80 mK. Above-4.2 K the conventional
cryostat was uséd. Superconducting transition témperatUre Tc1
and the réentrant températuré Tcz wére determined by measuring
the magnetoresistance using conventional foﬁr-probe method. The
sample was cut by spark cutter in the form of about 0.5 mm x 0.5
mm X 1 ecm and copper wires of d.OS mn in diaméter were spot welded
on to the sample. The data below 1 K‘wére taken with increasing
temperature only. The current uséd in the present resistance
measurements was 1 mA for all cases. The fluxflow resistance
which usually appears in large current measurements was negligible
in the present small current measurement.

Two kinds of magnetization measurements were done by the

3He cryostats

fluxgate magnetometer method using two kinds of
down to about 0.5 K. One of the measurements is due to ﬁhe ext-
racting_sample méthod and the other one is the temperature varia-’
tion method under a fixed magnetic field. The magnetic field is
always supplied parallel to the long dimensidn of the sampie.
Absolute value bf the4magnetizatioﬁ was calibrated by comparing
with the static measurements with the same’sample by the Fafaday

method. The characteristics of these apparatus are described in

B in Part (I) in detail.
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§ 4 Results and Discussions
(1) Magnetoresistance Measurements

lThe magnetoresistance curves were taken in the temperature
range from 80 mK up to Tcl for a whole concentration region in
Er Y, .Rh;B,. Typical examples at 80 mK are shown for ¢ = 1.00,
0.44 and 0.17 in Fig. 2. The virgin curve for c¢ = 0.44 rises
abruptly at a threéhold field HS of about 2 kOe, and reaches a
normal resistance at about 4 kOe. For decreasing field the curve
does not follow the virgin curve but gives a finite resistance
value at zero field. After that, the magnetoresistance curve
follows the initial decreasing field curve with fieldrup and down
as shown by double arrows in Fig. 2. Similar virgin behavior was
observed in a concentration region ¢ = 0.44 A 0.65, where the
threshold field HS decreased with increasing the concentration.
No such virgin curve was observed in high (¢ = 0.70 ~ 1.00) and
low (¢ = 0.00 ~ 0.40) concentration regions. Instead, only a
reversible curve was observed for the field up and down as is
shown in Fig. 2. The cause for the peculiar virgin behavior in the
region ¢ = 0.44 ~ 0.65 might be that below TM an- inhomogeneous
superconducting phase remains, because of the closeness to the
critical concentration Cc = 0.43 for long-range magnetic order as
is shown below. This inhomogeneous superconduéting phaSe disapp-
ears after the initial increasing field. Thé temperature depend-
ence of the magnetoresistance curve was taken for all concentra-
tions and an example for ¢ = 0.44 is shown in Fig. 3. The resis-
tance value at zero field falls to zero at 0.11 K and a hysteresis

curve was observed up to about 0.5 K. Hereafter, we define the
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temperature at which the zero field resistance in non-virgin state

falls to zero as the lower critical témpérature Tc and the temp-

2,
erature at which it returns to the normal value at high temperature

as Tcl' The hysterésis curvés were observed in a narrow tempera-
.fure region above Tc2 for the concentrations ¢ = 0.44 ~ 1.00.
The_temperaturé dependences of electrical resistance at
various magnetic fields are also shown in Fig. U4 for c¢ = 1.00,
044 and 0.17 as the typical examples. The destruction of super-
conductiﬁity a_t‘Tc2 at zero field for ¢ = 1.00 is relatively sharp

1)

with appreciable hysteresis. TFertig et al™’. found a small peak

rear T02 but it was not observéd in our data.

The obtained concentration dependences of Tc and Tc are

1 2
shown in Fig. 5. Open and black circles denote TCl and Tc2,

respectively. The present results of ‘I'c = 8.7 K and Tc2 = 0.79

1
K in ErRhuBu are in agreement with the results of Matthias et
al.l)’ 10). They showed that the transition at Tc2 in ErRhuBu
found from the magnetoresistance'coincides with the onset of long-
range magnetic order of Er sublattice. So we assume that the
temperature T02 coincides with the magnetic ordering temperature
TM in a whole concentration rggion in Erch—thMBM' The concent-

ration dependencé of T, in the present system is given by Oguchi’s

3)

M

theory29) in a magnetically diluted system as
Ty/3" = 2/In {27/(z"-M)}, ()

where J° is the nearest neighbor exchange interaction among Er

spins and z” is the reduced concentration defined by z° = 1 +

-110-



76{1-(1—028}. By best fitting eq. (#) with the observed concent-
ration depéndence in Tc2’ the value of J° was estimated as J~ -
0.30 X, and the theoretical line was calculated as shownvby the
dashed line in Fig. 5. The observéd T02 shows good agreémént with

the theoretical line of TM and suggests a critical concentration

of Cc = Q.43 for thé long range magnetic order. The concentration

dependence of Tcl reduced by the transition temperature TCO with-
3)

out magnetic spins is given by Maekawa and Tachiki as

6T°N(0)Co 1

f
T,1/Teo = epr'l/gBCSN(O) - l/IgBCSNCO) - T 7 1n(1+f—i)}],'

2

(5)

where 8pcs and I are the BCS interaction parameter and the exchange
interaction between local spins and superconducting electrons,
respectively. N(0) is the density of state and Co” is the reduced

concentration defined by Co” = cfl—(l—c)s}%s(s+l). f. and f, are

1 2
01? J” and concentration 03). These parameters are

given by Maekawa and Tachiki3). Their theory is applicable in

functions of T

high concentration region. So we tried a quantitative comparison
of eq. (5) with our experimental results in high concentration
regions. The parameter IQN(O) in eq. (5) is the most decisive
factor for determining the increaseing rate in Tcl when the concen-.
tration ¢ decreases from ¢ = 1. By best fitting eq. (5) with our
results in a high concentration region, the value of IZN(O) was
determined as 0.046 XK. The other parameters were taken as T.o =

10 K and gBCSN(O) = 0.33). The theoretical line for ‘I‘c is given

1
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by a solid line in Fig. 5. 7

In this paper we define the Uppér critical field ch as the
field at which.thé éléctrical résistancé begins to rise from zZero
with increasing magnetic field. The anisotropy of Hc23l) is expec-
ted in the présent'crystal which has a tetragonal symmetry, and
the anisotropy may induce a broad transition at the upper critical
field in the polycrystalline specimen as seen in Figs. 2 and 3.
Thus, our defined ch may correspond to a minimum value in the
aﬁisotropic ch. The temperature dependence of Hc2 was measured
in a whole conéentration region and the results are shown in Fig.
6. H,, in the Er doped compounds has a broad peak hear 4 X and
decreases with decreasing temperature. The decrease in ch at
low temperatures is explained as follows32): in the mixed state
the persistent current of vortices induces a magnetic field and
this field polarizes'the Er spin moments. Along the vortex current,
the spin magnetization contributes to the magnetic flux. The
total flux which is the sum of the spin and current contributions
is Quantized. Then this flux quantization leads to the following
facts: the vortex current is dpastically affected by the spin
polarization of Er at low temperatures and the current inversion
dcgurs in some part of the vortex. The current inversioﬁ causes
the attractive force between the vortices. As the result, when
the spin magnetization increases at low temperatures, the -super-
éonducting state Eecomes unstable and ch decreases. The sample
with low concentrations of Er ions (¢ = 0.3 ~ 0.17) showed a clear

small minimum of H,, near 0.2 X-as 1s:shown in Fig. 6. It was

noted in Fig. 6 that ch, in high concentration specimens with
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This sudden decrease
15)
5 .
is about 60 % of

¢c = 1.0 v 0.8, decreases suddenly at T.o-

in HC2 suggests thé first ordér tfansition at TC It was also
noted that the zero field resistance below T,
norﬁal values and the positivé<magnétorésistance was observed as
bshown in Fig. 2. Thé origin of the reduced résistance below ’I'c2
may be due to partially rémained supérconducting phase in poly-

crystalline samplé. The reduction di;appéars by applying a magne-

tic field.

(2) Magnetization Measurements

Precise tgmperature depéndénces.of.magnétization in ErRhuBu
were measured between 0.5 K and about 2;0 K up to 29 kOe as shown
in Figs. 7 and 8. In the case of H = 215 Qe, for example, the
magnetization is negative and constant down to about 1.1 K due
to the Meissner effect. Then the magnetization increases crossing
the zero line and becomes constant below about 0.8 K. As the
electrical resistance appears at 0.83 K with decreasing tempera-
ture in the same field, the induced magnetization may be due
to the onset of the.ferrpmagnetic-transition. The transition
temperature determined from the magnetoresistance is shown by open
circles on the magnetization curve. When the temperature increa-—
ses from about 0.5 K to about 2 K, a large hysteresiéAis observed.
Generally speaking the magnetic moment persists even above-T02
determined from the magnetoresistance. The main part of the excess
large magnetic moment observed under the increasing temperature
may come from the residual vortecies persistéd in the sample.

However, the magnetization at H = 215 Oe shows a curious plateau
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between 1 K and 1;4 K and this might reflect the existence of.the
lelical spin ordéring. The hysterésis decreases as the field 7'
increases and it is not observed ahové about 2 kOe. The magneti-
zation curve under a strong field is shown in Fig. 8. The value
of the induced magnetization at 0.5 K is about 6.5 ﬁB/Er ion even
at about 29 kOe and it is considerably smaller than thét of 9.0

ﬁB/Er expected from the ground state . of Er3+.' We also

1572
tried to observe thé high field magnetization curve by using the
D-1 Magnet of Tﬁe High Magnetic Field Laboratory, Osaka University
and the results is given in Fig. 9.

Thevmagnetization curves in ErRhuBu at various temperature
around TC2 were also ﬁeasured by extracting sample method only in
low field regions up to 3 kOe as shown in Fig. '10. The magnetic
field in Fig. 10 means a measured field under the increasing field
scan. In the low field region above 0.8 K, i.e., higher than Tc2

the negative magnetization due to the Meissner effect is observed

and the magnitude is -H/Um up to Hc Above Hc the Meissner

1 1

state is destroyed and the magnetization begins to increase as
shown in Fig. 10. Therefore, the magnetization curve shows the
minimum at the critical field Hcl' The temperature dependence of
Hcl is shown in Fig. 11. The determination of Hcl in these mate-
rial is usually vefy difficult. However, we can find it because
the fluxgate magnetometer is very sensitive eveh at low field
fegion. In Fig. 11; ch obtained by the magnetoresistance measur-
ments is also given. It is noticed that all magnetization curves

below T02 does not show the temperature dependence. Simply spea-

king, the magnetization curve looks like a paramagnetic magneti-
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zation. There is no hysteresis loop. " If the crystal has the
domain structure suéh as usual ferromagnets, a large ﬁysteresis
" should be expected in the magﬁetizafion curve. The reason is
ﬁot cleaf yet. _ | .

| The hysteresis curve in ErRhuBuAabove Tc2 at 1.33 K, whére
the hysteresis is 1argést, is shown in Fig. 12. In the virgin
state, the magnetization 1s diamagnetic below Hcl due to the

Meissner effect. Above Hcl the vortex state is stabilized

between Hcl énd'HC2. As seen in the ﬁsual type II superconductors .
the vortex state is irreversible to magnetic field. Therefore,
once the vortex state is stabilized, the vortices are trapped
and remain in the specimen after removing the magnetic field.
The hysteresis curve in Fig. 12 may be explained by the vortex
trapping. The hysteresis decreases»as temperature, increases and

diminishes at Tc2'

S 5 Concluding Discussions

Electrical and magnetic.properties of EJ:'Rh,_;B)_l and the mixed
crystal with YRhMBM are studied and many informations are obtained
as are summerized below. The first aim of the present paper is
to find the concentration dependences of Tcl’ Tc2vand Hc2 in the’
mixed crystals and to check the recent theory of Maekawa and
Tachiki3); The agreement‘with the theory-is'satisfactory'eXCept
the dilute region of Er. I2N(0) was obtained to be 0.046 K from
the concentration dependence of Tci. This value meéns that the

3+

exchange coupling between localized Uf electron of Er>’ and super-—
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conducting 44 eleétrons Qf Rh is very weak. This ﬁeans that the
1oca1ized4magnétic moment does not_givé a strong influence upon

the superconducting electrons. HowéVer, thé magnétic coupling
between Uf electrons via 6s band is not so weak and the férromag-
netic - order below T02 may occur due to thé indirect coupling and
the superconducting?state may be destroyed by this magnetization.
This model was proposed by Maekawa and Tachiki3) and our éxperiment-
al results does not contradict to their theory. In pure ErRhuBu,
the temperature dependence of ch suggests the first order trans-
ition near_0.8 K. However, the confirmation is difficult by looking .
at ch only.

The temperature dependence of Hc is obtained in pure ErRhuBu

1

down to its ferromagnetic critical temperature Tc This can be

5
obtained by using the fluxgate magnetometer which is very effective
even in a very weak field.

As predicted by the theorylS)’l6)?l7)’l8) and suggested by

neutron scattering datal3):1u),19)

,. Some anomalous behaviors in
magnetoresistance, magnetization curvé ete. should be expécted

if the helical spin order appears near TcZ' We found an anomalous
large hysteresis and a curious plateau in the magnetization curve
between 1.0 XK and 1.4 K. This may suggest the coexistence of the
helical spin order in the superconducting state. However, the low
field mggnetization curve around this temperéture region doeé not
ShoW'any anomalies. It is also curious that the anomalous magnet-
ization plateau in decreasing temperature can not be found. In

the ferromagnetic state, the magnetization curve does not show

the hysteresis. This means that the remanence is negligibly small.

-116-



It is also'intereﬁting that the magnetization cur;e does not show
a steep incréase but show a.gradual, say a paramagnetic,_magneti—
zation. The highvfiéld magnétizatioh up to 360 kOé was also mea-
sured but a large incréase in magnétization was. not found.
Finally, one must say about the nécéssity of the single cry-
stal experiment. We now have no informations about thé.magnetic
anisotropy of the ferromagnetic state, the domain structure and
the electrical conductivity tensor. These are very important for
investigating the further details of the magnetic and electrical
properties of these coﬁpoundsr We oncé tried to make a single
crystal with.aid of Professor T. Komatsubara in Tohoku University.
However, no good single crystals were obtained. It is still
doubtful whether one can make a good single crystal in the series.

of the mixed Er'ch_th.uBLl compound or not.
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Figure Caption

Fig. 1. Crystal structure of (RE)Rh,B.

Fig. 2. Magnetoresistance curves of Er ¥y RhyB, with c = 0.17,
0.44 and 1.00 at .80 mK. Rmaé..méans the resistance in
the normal state at hlgh.flelds.

Fig. 3. 'MagnetoreSistance’curves of ErO.HHYOLSGRhMBM as é para-—
'métér of témperaturé.

Fig. U, Témpérature‘dépendéncés of the magnetoresistance.in
various fields in Er 0¥ _oRhyBy with ¢ = 1. 00, 0.44 and
0.17.

Fig. 5. Concentration dependencés of T,y and T ,, in Er ¥, . Rh;B).

- Open and black circlés dénote'T el and T 02> respectively.
Fig. 6. Tempefature dependénce of ch in Er Y RhuBu as a para-
| meter of_Ervconcéntration.

Fig. 7. Temperature dépendencé of magnetization around T02 in
ErRhqu in low magnetic field region. The phase bound-
aries between paramagnetic and superconducting phase,
and férromagnétic and normal phase are shown by the solid
lines (open circles mean the ferromagnetic transition
temperatures with decreasing temperatures and squares
mean that with increasing temperatures).

Fig. 8. Temperature dépendence of magnetization around T02 in
ErRhuBu in high.magnetic field region up to 29 kOe.

Fig. 9. Magnetization curves in ErRhuBu under the high magnetic
field up to 360 kOe at 4.2 K and 1.3 K.

Fig. 10. -Low field magnetization curves of ErRhuBu at various

temperatures obtained by ektracting sample method.
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Fig. 11. Temperature dependences. of H, , and H,, in ErRh,B, .

Fig. 12. Hysteresis curye in ErBmB, at 1.33 K.
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