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Synopsis

Single crystals of heavy rare earth alloys; Y31Tb69 and Er84Tb16,

were cooled down to about 40 mK by heat conduction through a copper rod connected
to an adiabatically demagnetized K~Cr alum salt. By slow neutrcen bombardment,
small amounts- of Tb159 had been transformed to radioactive Tb160 and the
anisotropies of X-rays emitted from polarized Tb160 nuclei were measured.
‘Because the Y-ray anisotropy depends upon the spin structure, we could determine

spinstrucruresof’fhese alloys by this method.

In the case of the Y31Tb69 alloy, the phase transition from spiral structure

to ferromagnetic one under an external hagnetic field was: studied. The alloy
did not transit below 10 KOe.around 40 mK; We also measured magnetization
curves of the alloy at 4.2 K and it was revealed that the alloy transited at
18 KOe in the first run but the critical field was reduced to a few KOe in the
second and further runs. These results are consistent with the above nuclear
polerization experiments: but this strangephenoménonh;s not been explained

theoretically.

In the case of Er84Tb16 alloy whose spin sitructure is conical at low

temperature, the semi-cone angle of Tb ion, eTb’ was determined to be 66°+ 4°

by the nuclear polarization technique. On the other hand, the semi-cone angle
of Er ion, Onn is aboﬁ£ 30° which was determined by means of = neutron
diffraction technique by A.H.Millhous et al. Then the semi~cone angles of

Tb and Er ions are different from each other, thaﬁ is, the structure is "a

double cone structure'. We made some simple calculations based on a.model

in which isotropic exchange integrals common to both the components of the

alloys and one-ion anisotropiés'are assumed, Because many parameters which are
not exactly known are necessari in the numerical éalcuiation, it may be impossible

to compute.semi—éone angles of Tb and Er from the first principle. But it is



shown that for some restricted range of the numerical values of the parameters,

a double cone structure which is cémpatible with the observed one is actually
expected. The origin of the difference of the semi-cone angles of Tb and Er
in the alloy is the large difference in the anisotropy energies: of these two
ions; the anisotropy energy minimum lies in the c—plan; in Tb while it is
along the c—axis in Er.

Thig is the first successful work to determine spin structures using
nuciear polarization technique. The spin structure is determined by only
Y-ray countings in this method. Then this teéhnique is useful for alloy
systems, namely the spin direction of minority atoms or ions are able to be
determined "accurately and directly" with this technique, in contrast with

the neutron diffraction techﬂique and the spin echo method.
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§1. Introduction. | i

In our laberatory, in order to perform nuclear polarization experiments
léw temperature equipments have been constructed in recent years. At. the first,
we have done experiments of the nuclear magnetic resonance on oriented nuclei
(NMR/ON) and measured the field dependence of the nuclear spin lattice relaxation
time of Co60 nuclei in the ironl). Secondly, single crystals of heavy rare
earth metals and alloys have been studied with the nuclear polarization technique
to know the magnetic structures of the alloys. The latter results will be
reported in this theéis.

Magnetic structures of heavy. rare earth metals and alloys which all have
simple hexagonal structure in the faramagnetic phase have recently come to
lighﬁ by neutron scattering experiments, using single crystal samples; of the
Oak Ridge National Laboratoy"s groups. For example, the magnetic phase of
terbium metals changes from paramagnetic structure to spiral one at 230 K,
and from spiral Qne to ferromagnetic one at 221 K. Throughout the ordered
phases, the moments lie in the c;plane. Erbium,métals have more complex
transitions, and at the‘lowest temperatures (i.e. below 20 K) they have conical
structure whose semi~cone angle is 28.5°, Thus at low temperature the angle
between the crystalline c-axis and the moment is 90° in terbium metals and 28.5°
in. erbium metals. The different angles in these metals come from the difference
in the anisotropy energies about the c—axis.  Then it is interesting whether
the direction of +the momeﬁts of the terbium atoms and that of the erbium atoms
in erbium-terbium alloys are the same or different. In 1969 Millhous et al.z)
measured the spin structures of these alloys with the neutron diffractioP
technique, Their results showed that the alloys in which the terbium
concentration is less than about'4Q at.% have conical structure at low

temperature. They measured the moments parallel to- and perpendicular to

the c-axis, which, for example in Er(90 at.%)-Tb(10 at.%) alloy, are 7.8 pp end



4'6FB? respectively, at 4.2 K. Prom these values they determined the

semi-cone engles of the average moment. By the neutron diffraction technique,

it is difficult to determine the semi-—cone angle of the minority terbium
ions separately because of the poor resoclutive power. On the other hand,
because only the F-rays emitted f£rom radioactive Tb nuclei are detected
in nuclear polarization experiments, it seems easy to determine the semi-
cone angles of Tb ions, even if the concentration of Tb is quite small.
First purpose of this thesis is the determination of the semi-eone angle
of Tb ion in these élloys.i It is necessary for the performance of the
nuclear polarization experiments that there is apprdpriate radioactive
isotopes whose nuclear spin is greater than 1/2, whose half life time is
fairly long and which emitts  suitable ¥-rays. TblBO nuclei satisfy these
‘conditions, On the contrary, there is none of such erbium radioactive
isotope. Thus, the semi-cone angles of 6nly terﬁium ions can be measured
by this method. Since the semi~cone sngle of the terbium atoms was not
determined by neutyon diffraction technique, the experiments of nuclear
polarization in these alloys scem very interesting.

Next the transition in yttrium-—terbium alloys from spiral structure
to ferromagnetic one undef an external magnetic field will be considered.

Koehler ot al.?) and Chield et al,?)

revealed that the ytitrium—terbium -
alloys in which the terbium concentration is less than about 75 at. %

have spiral structure at low temperature. It is expected that these
alloys will make a transition from spiral structure to ferromagnetic one
when an appropriate external magnetic field is anpligd and that this-
process can be observed by nuclear polarization technique as well as by
magnetizgtion measurements. The observation of this process is the second

purpose of this thesis. We also measured the magnetization curves of

the alloys in addition to the nuclear polarization exveriments.



The samples on which we performed nuclear polarization experiments
were studied at the ssme time by the usual spin echo methods by Dr.Sano and
Mr.Shimiza and the nuclear hyperfine energies of the steble isotopes in these
allhys were dete¥mined. " These values will be used to anglyze our experimental
reéults. They also determined.the semi-cone angles of Er and Tb ions in
Er-Tb alloys. Contrary to the neutron scattering experiments, the spin echo
methods have a merit that the semi-cone angle of each atém in the alioys can
be determined independently, but to obtain numerical values it is necessary
to assume that the electric field gradient produced by the 4f electrons of
the parent ion is independent of the concentration of the alloy. On the
other hand, in the nuclear polarization experiments the semi-cone angle is
determined directly from the ¥Y-ray anisotropic measurements.  Thus the
nuclear polarization technique is very suitable for the study of spin structure
in some complicated system.

Nuclear polarization experiments have been done by many workers to
investigate the nuclear properties and hyperfine interactions end often to
determine temperatures, Perhaps none have done to determine the spin
structures of mégnetically ordered materials by this method, except iebrance

166m.

et al.s) who observed the X—ray anisotropies of Ho nuclei in holmium

_single crystal. But they did not analyze fully their results. We believe
that our measurements are first successful works in which the spin structures
of the alloys are determined by nuclear polarization technique.

To determine the temperature of the semple, the degree of thelnuclear

polarization of I:vt'192 nuclei in a dilute Ir-Fg alloy attached to the sample

'y

wvas measured.

-In next section, we calculate the anisotropic angular distributions of

60

the y-rays emitted from Tb1 nuclei in various magnetically ordered phases

192

end from that Ix nuclei in the ferromagnetic iron alloy. These numerical

calculations have been done with the NEAC series médel 2200 computer in Osaka



University. These results are used to discuss our experimental results,

In section 3, we explain the methods of the preparation of the single crystals

and production of the radioactive Tb160 and Ir192

nuclei, and the experimental
apparatus, In the last section we describe the experimental results and

discussions.



§ 2 f-ray angular distributions.

§ 2.1 General formulas of the y-ray angular distributions.
Let us consider the nuclei which decay from a state of the nuclear spin

J into a state of the nuclear spin J. emitting a single }~ray with the

L
angular momentum L. We denote this process as (J —'?Jl). Then the

1

angular distribution of ¥-rays emitted from the nuclei polarized in one

6)

direction is written, following the Steenbergts work ", by

J J
1(8y=Y, -y .
1(6) Mz_JWm(l_) IM(Q)/M%_J Waia(T) ()
where

T.00) = L+ 2 Acll) 53,3, L) 1T (m3) Felws) Q)

K is restricted to KL 2T, and K< 2J, m is the z~component of the nuclear spin J,

'Wm(T) is the population of nuclei in the m=th level which depends on

absolute temperature T, F‘K(cos 8 ) is the k-th Legendre polynomial and
is ndrmalized in the sense that PK(l):l and © is the angle between the

direction of the jy~ray emission and the axis of polarization, The

6)

.expressions of aK(T,), SK(J,Jl,L) and ﬁK(m,J) are given by Steenberg ‘.

Next, in-the case of the ‘successive emissions of ¥=-rays which are repre-
L L ‘
. 1
sented with (J >Jy 2 ’;Jz), Eg.(2) is rewritten as followss

1%(6) - 1_ +K§VCMQK(L2-)‘SK (J:,Jz, L.ll) "SK (JJLHJ J.) ﬂx(‘h’l, 3)' PK (COS &.). (_3)

K is now restricted to KSZB?, K 42F and Ké.zJ'l. Using Eq.(3), Eq. (1)

4

is rewritten

o) = +Z B(D-U - P leoso)

kievew

“)

where

J
_ J
B, (1) = L W (DT (n,3) /Z W _(T)

M= -J

uK — aK(LJ)'SK(j‘/ Jz) le) " SK(J:LH) jl >



Above results are normalized in the sense that I(6) =1 for high enough
tempersture where the nuclei is unpolarized. Usually we measure j —rays
at low temperature (30 mK or so) where nuclei are pértially polarized,.
and the counting rate at this temperature is divided by that measured
athigh temperature(T =1K). This ratio gives the experimental I(8) value.
These I(8)values (hereafter we write as "the Y-ray asnisotropy") tell us

BK(T\ values when Uy are known. From these BK(T) values we can get the

" knowledge about the effective field on the nuclei in a.ferromagnetic sample

when T is known or absolute temperature T when the effective field is

knowvn, because BK(T) is the function of these.

When the magmetic structure is simply sntiferromagnetic, the abowe
formulas equally holds, but when the magnetic structure is more complicated,

PK(cos 8) in Ea.(4) should be properly modified. In the case of the conical
structure whose semi-cone angle is o, Pk(cos 8) in Eq.(4) should be modified
to PK(cOS S)-Pk(cosd‘), where 6 is the angle between the axis of the cone

and direction of the Y —emission. Thus, the measurements of the Y-ray

anisotropy {ell us the semi-~cone angle if BK(T) and Up in Fq.(4) are known.

In this sense, the nuclear polarization experiments can give some knowledge

on the spin structures. In the following subsections, details on the Y-ray

160 92

anisotropy of Tb a.nd.Ir1 nuclei are discussed.

160

§2—2 ¥=ray angular distributions of the Tb nuclei.

180

The abbreviated decay scheme of the Tb nuclei is given in Pig.l and

\its energy spectrum measured in our laboratory with a 2 in. x 2 in. NaI(T1)
scintillation counter is showﬁ in Fig.2. The decay scheme of the b0

nuclei is very complex but we concern only 1178.1.Kev, 1272.0 KeV and 298.5
KeV y~rays whose F-ray anisotropies are larger than others andvtransition
schemes are the same, represented by (3-;—52-—;—>2). We can easily calculate

the angular distribution of this transition at the limit of the absolute zero

6



temperature (T =0) where all Wﬁ(O) equal zero except W&(O) or W;J(O), that is
1(6)=15(8)

n
—
f

2
5 3, (&)
4

We get easily that I(0)=0.5 and I(70/2)=1.25. These results mean that
the y-ray counting number at =0 is much less than that at 6=7/2.

The above results are very simple, but unfortumately there are other
Y-rays which have nearly same energies as those of the above y-rays and |
decay through other schemes, for example, 309.6 KeV {-~ray which is veryr
close to 298.5 KeV one. Since these two can not be resolwed by the NaI(T1)
scintillation counter and since the transition scheme of 309.5 KeV ¥-ray
is (3——1—92;—l—93), {the J-ray angular distribution is different from that
of 298.5 KeV j~rays. Though the intensity of the 309,6 KeV Jf-rays is
much weaker than that of 298.5 KeV jy-rays, the anisotropy in the sum of
these unresolved Y-rays is slightly different from that given by Ea.(5),
when the weighted average is calculated. Also, in the case of 1178.1 KeV
and 1272.0 KeV ¥=rays which are unresolved by our scintillation counter,
there are other three ¥~rays which we must take into account, that is 1115.0

KeV, 1200.0 KeV and 1312.0 KeV ¥-rays. The transition schemes and U2 .

values for all these Y-rays listed in Table I. The signs of Uzvshow that

the Y -ray snisotropies of three main transitions are given by Ea.(5) and
those of other minor ones have opposite signs. Then the anisotropies of
the unresolved y-ray peaks are smaller than that given by Ea.(5). Using

U? values and transition probabilities in Table I, we can calculate the

anisotropies of these peaks at the limit of the absolute zero temperature
(T=0). The results are as follows;
for the higher then 1.1 MeV peaks (which are the sum of the 1115.0,

11178.1, 1200.0, 1272,0 and 1312.0 KeV Y-rays);



Iloy=0.7267 , I(/2) =/. /366

2
for the 300 KeV peaks (which are the sum of the 309.6 KeV and 298.5
KeV y-rays);
1to)=0,5486 /2y = /2287
Let us consider a finite temperature case, When only the nuclear
Zeeman energy and the electric quadrupole energy are considered, the energy
of the nuclear m substate is
‘ 2
E =-7% 1ikt’hl +‘__§Lji£2L_ (\37n3 ~ J(T +1) (6
" m #£3(23-1) ) @)
We here assume that the principal axis of the electric field gradient is parallel
to the direction of theelectronic magnetization and also the electric quadrupolar

tensor is axially symmetric. Then, the population of the nuclei at the m

substate is represented as

| J
W, (T) = eXF(’_Eﬂn/féT)/qzi_J.eXP('E““ /fT)

The values of KhhHO and equ of the Tb159 nuclei in ferromagnetic Tb
7)

metal are measured by the spin echo method in our laboratory

iceo xn 0=

159

3120 MHz and equ==4347 MHz. Since the 7y wvalue of Tb nuclei is 9.6540

MHz/10% Oe and that of Tb'®C nuclei is 4.0648 Miz/10% 0e, ¥ hu, for TH'®C

nuclei is calculated to-be 1308.6 MHz. Next, the value of Q of the 'I‘b160

8)

nuclei was determined to be 3.0 barns by Easley et al. and it is already

known that the value of O of the Tb1°

160

nuclei is 1.34 barns, then the value

of equ of the Tb nuclei is estimated to be 3016 MHz. Using these values,

60

Iy

we can calculate J-ray anisotropksof the Tb1 nuclei in the ferromagnetic
structure.

iNext we consider the case-ﬁf the conical spin structure of the erbium-.
terbium alloys. Let us see Fig.3, where we take the polar axis as the

crystalline c¢-axis, the angular coordinates of a nuclear spin asd and ¢

(t is the semi-cone angle) and the observation direction as fand ¢! ¥ is

. 8



an angle between a nuclear spin and the observation direction. Yhen the

turn angle of the conical structure is not an integral of 2JL, which may be

generally the case, the nuclear spins are distributed such as ¥ is uniform over

2L and the Y~ray anisotropy observed by our experiment corresponds tothe

case where the average of PK(cos §) over  is taken instead of PK(cos 6) in

Eq$(4)s or
t 2K
l—ﬂ-‘so PK( COSE) C‘? 3 ( ;
| @Rk (k-1 DY 1 -
=——LTb igk(fQ*'ﬁ‘)" EQ(LDSd)-H(CLOSﬂ).e dg

= Pk(c_aso(). Pk(casﬁ_)

Here we used the addition theorenm of the Legendre polynomials., Since BK( T)

and Ug in Eq.(4) are the same as those in the ferromagmetic case, I{X , )

'is given by , ’
(o, B)=1 +K§MBK(T)-qu Plcosa).-BewsBy | (3)
If X =0 (the ferromagnetic case), PK(coseL) becomes unity and Eq.(8)> is

reduced to the Eq.(4), that is, I(0,F)=I(B ). If (=5 /2 (the spiral

case), we obtain PK(cos &)= -1/2, and with the subscript Sp for the spiral

structure,
L) = 1(Rz,8) | .
= i_EK.-Zevm B?\(T)uK PK(CO‘("B) . (?)

We note that I(X,B ) is unchanged by the exchangeO and . This result

is very important. If the semi-cone angle oA satisfies Pr(cos ol )= 0, then

I(ol,p ) becomes unity whatever {§ and T are. Some results of calculabions
of Ea.(8) and Eq.(9) are shown in Fig.4 and 5.,  The xn‘foo values of Tb159
nuclei in Tb~Fr and Tb~Y alloys are measured in our laboratory by spin echo

method. For example the ﬁ'nmo value in Er-10 at.% .Tb alloy is 3182 MHz and

this value is used instead of the value in the ferromagnetic terbium metal

(i.e. 3120 MHz) in the above calculations.



192

§2-3 ¥-ray angular distribution of the Ir nuclei.

We can know BK(T) from the measurements of the Y-ray anisotropy since

- Uk values can be calculated if the nuclear transition scheme is known. BK(T)

is'a known function of the absolute temperature T and nuclear Zeeman energies
when ezqg can be neglected. By the measurcment of the ¥Y=ray anisotropy of
the nuclei whose nuclear transition scheme and Zeeman energies are accurately
known, we can determine the absolute temperature, For the determination of
_the temperature, we used Ir1%? nuclei in the iron (Pe-0,8 at.% Ir), firstly
because the ¥—-ray anisotropy changes sensitively with the temperature in the
range from 20 mK to 50 mK due to fairly large Qalue of the Zeeman energy, and

192

secondly because the half life time of the Ir nuclei is fairly long (T* =

192

74.2 days). The abbreviated decay scheme of the Ir "nuclei is givea in

Fig.6. We use the 468.1 KeV peak for the temperature determination. Veak
Y-rays of the energy 484.6 KeV overlap to this peak and this mixing should be

taken into account for the calculation of the ¥-ray anisotropy (see Fig.7).

60

This effect is similar to the case of Tbl nuclei discussed already. In

160

contrast with the Tb case, U, and 64 term are necessary for the calculation

192

because of the electric quadrupole nature of the transitions in Ir nuclei.

92 nuclei in

These velues are also given in Table I. The Kﬁﬁﬂo value of Ir'
the iron was determined as 407.54 MHz by Reid et al.g), using nuclear polari--
zation technicue. Negiecting the second term in Ea.(68), we calculate the y—

ray anisotropy for the 468.1 KeV peak, and the results are shown in Fig.8.

This curve is used for the determination of the temperature.

10



.§3 Experimental procedures.

§3-1 Sample preparations.
The Nigh's methodslo) were applied to the growth of the single crystals
of heavy rare éarth alloys. Pirst we cut the ingots of the pure metals of
95.8% puarity in appropriate masses and then melt them with an argon arc
furnace overturning about five times to homogenize the sample, To prevent
distillations in the following process, especially for the erbiun alloys, the
alloy was enclosed with argon gas of eppropriate pressure in a quartz or an
alumina tube. Then it was annealed in‘a siliconit furnace at a temperature
somevhat below the melting point for a few days. The formation of the single
crystal‘was checked and then the crystalline axes were determined by reflected
Laue patterns of X-rays. The single crystal was cut in a desired shape and
polished. The final shape of the most samples was a thin disk of 4 mm x 2 mm
'x 0.2 mm in which the b-axis was parallel to the longest side and the c-axis
was perpendicular to the surface of the disk. We got successfully Y(31.4 %)~
Tb(68.6 %) and Er(83.8 %)-Tb(16.2 %) single crystals.
Next step of the sample preparation is the creation of radioactive nuclei.
We sent the single crystel samples to the Janan Atomic ifnergy Research Institute
ip Tokai Village, Ibaragi Prefecture. The sample enclosed in a quartz tube
was put into the reactor and irradiated with slow neutrons to prodﬁce Tbleo
active nuclei of a fey PCi.
192

The active iridium nuelei Ir'°2 jn iron were also obtaimed by the meutron

irradistion of Fe~0.3 at. % Ir alloy.

N



‘§3-2‘ Experimental apparatus.
Since most parts of the experimental apparatus and procedure of adiabatiec

11), we explain

demagnetization are the same as one described by.Dr.Kohzuki
them briefly.

Very low temperature (30 mK or so) was obtained by the adiabatic
demagnetization of chromium potassium alum. It is very important in these
experiments to cool the alloy sample and to keep its temperature low enough
for a long time. For these purposes, our cooling system was designed as

follows} The sample was soldered with indium qoft solder at one end of a

copper rod and many coppef wires were soldered with Cd40BiBO soft solder at

the other end of that copper rod. The chromium potassium alum was crystallized
around these copper wires in order to have a good thermal contact between
the alum and copper wires. The copper rod and alum were enclosed in a thermal
shield which is cooled down to about 0.1 K with another alum. The thermal
shield was supported by a baskelite rod in a vecuum cell which was immersed
in liguid helium; By this procedure the sample was cooled to the lowest
temperature (30 mK or so) about 30 minute after the field was demagnetized
and then the raising rate of temperature was about 1 mK/hr.

The-initial conditions of the adiabatic demagnetization were about 1.2 K
and 18 KOe. A superconducting magnet was used to study the transition of
the Y(3l.4 at., %)~Tb(68.6at. %) alloy. Also, this megnet was used to saturate
magnetically the iron-iridium thermometer. The y-rays were detected with
two NaI(Tl) scintillation counters. One of these counters was set parallel
to the b- and the other to the e~axis of the sample, The signals from the
counters were amnalyzed by a pulse hight analyzer (PHA) and energy spectra of
the ¥-rays emitted in the two direction were obtained. The 300 KeV and the

160

higher-—than-1.1 MeV peaks of the Tb ¥-rays were used to obtain the nuclear

polarization as described earlier.



§4 Experimental results and discussion.
§4-l Thermome ter.

It is very difficult to measure temperature accurately at very low
'temperéture. In the adiabatic demagpetization experiﬁents, the paro—-
magnetic susceptibility of the demagnetized salt is usually measured to
know its temperature. In our expexriments, we always measured the para-—
magnetic susceptibility of the chromium potassium alum by the usual A.C.
Hartshon bridge methodlz). This value tells us the'magnetic temperature ft'
then we can know the absolute temperature T because the relation between |

13)’14). But the relation is not so accurate at very

T* and T is known
low temperature (~20 mK) and moreover the temperature of the sample may
not be always the same as that of the alum, Then it.is needed to know

the temperature of the sample accurately and directly.

It was already noted that the ¥—ray anisotropic distribution emitted
from aligned nuclei whose nuclear properties are well known tells us
temperature. For this purpose the 470 KeV peak (which are the sum of
the 468 KeV and 485 KeV y~-rays) of the Ir192 in Pe-0.3 at. % Ir alloy was
used., The activated Fe-0.3 at. % Ir alloy was soldered to the copper
rod of the cooling system together with the sample when its use was desired.
The temperature T, can be determined easily from the measured ¥-ray

anisotropies using Fig.B(a). It was assured from these exveriments

that the temperature measured with the Fe~0.3 at.% Ir alloy thermometer, TZ’

nearly coincided with the temperature measured with the paramagnetic
susceptibility, Ty. Therefore, in most experiments the temperature
of the sample was determined by the paramagnetic susceptibility measurements

of the alum.

13



" 84-2 Y(31.4 at.%)-Tb(68.6 at.%) alloy.

i) Magnetization measurements.

¥e measured the magnetization curves of thé Y(31.4 at.%)=Th(68.6at.5%)
single crystal alloy using a magnetic balance at 77 K and 4.2 K. It is well
known that at zero external field the magnetic structure is spiral at these
temperaturess)’4) and when the external field is applied along the b-axis,
the transition to ferromagnetic structure occurs most easily.

The results of the experiments show that at 77 K there is a hysteresis

in the transition field Hc from spiral to ferromagnetic structure (7.5 KOe

for increasing and 5.5 KOe for decreasing field). The magnetic moment
amounts to 290 cgsemu/Tb g at 10 KOe (the saturation moment of pure terbium
single crystal is 328 cgs ému/gls) and it is calculated that it becomes 295
cgs emu/g under the above conditions). Thus, we concludé that the alloy
makes a transition from spiral to ferromagnetic étructure under the external
field at T7K. It was: found that a fairly long relaxation time is needed for
the transition, namely when the applied field is increased (or decreased)
about 500 Oe around the transition field, the force acting on the alloy in
the magnetic balance measurement increased (or decreased) gradually and did
not come to an exact eqﬁilibrium even after 10 minute, |

In: contrast with the results at 77 K, the experimental results at 4.2 K
wgreﬁmuﬂlmofe complex as shown in Fig.9. When the external field was
applied in a virgin sample, the transition field is 18 KOe in the first run
and thereafter it is always 4 KOe in decreasing the field and §”K0e in
increasing the field. This means that the transition field for the virgin
sample is very high (18 KOe) but it becomes lower with a hysteresis (6 KOe
and 4 KOe) in succeeding cycles. The same phenomena was observed in the

18) .

magnetostriction at 4.2 K by Mr.Hinotani in our T.aboratory.

Next, we measured temperature dependence .of the magnetization. The
result is shown in Fig.10.  ¥hen. the sample was cooled down to liquid helium

temperature first without appling an external field and then a magnetic

14



field of 10 KOe was applied, the sample was still in conical phase. When the
temperature of the sample was raised, it was found that the transition to
ferromagnetic state occured at 20 K in increasing tempeiature, but in return
cycle, no transition occured down to 4.2 K, indicating that the sample was still
in ferromagnetic sfate. These results will be discussed in connection with

the nuclear polarization studies.

'ii) Nuclear polarization experimentis.

We measured the magnetic field dependence pf the Y~=ray anisotropies Ib
and Ic’ in the directions along the b~ and c-axes, respectively. The field,
parallel to the b-axis, was increased up to 13 KOe but Ib and Ic were independent

of the field strength within the experimental error. This fact means that
the magnetic structure of the alloy remains the same up to this field stirength
at verly low teﬁperature.

The experimental results are>shown in Table II(ald. The temperature depend-
ence of the Y-ray anisotropies were already calculated for the various magnetic
structures as explained in the chapter 2. The calculated temperatures TY’
using the above @easured anisotropies Iyand PFig.5, are neafly eaqual to the
temperature Ty measured by the susceptibility of the alum, assuming the
magnetic structure is . spiral. On the other hand, if the ferro--

. magnetic siructure aligﬁed along the b-axis direction is assumed, the calculated

~temperature Ty using Ib is much higher than T, (Traulls mK) which is very

imﬁrobable.
Thus it is concluded that the magnetic structure of this alloy is spiral
~at zero external field and remains the same up to 13 KOe at this temperature,

These results are consistent with the magnetization measurements described

earlier.



iii) Summary.

Magnetization measurements at 77 K and 4.2 K and nuclear polarization
experiments around 40 mK were performed for the Y(31l.4 at.%)-Tb(68.6 at.%)alloy
to investigate the transition from the spiral structure to the ferromagnetic
one under an external magnetic field. The transition field is several KOe
at 77 K, while at 4,2 K the transition field is 18 KOe in the first rum,
but in successive rums it becomes several KOe which is somewhat

lower than that at 77 K. These results are summerized in Fig.ll. By the

nuclear polarization experiments at about 40 mK; it was found that the
magnetic structure remained spiral up to the external field strength of 13 KOe
being consistent with the results of magnetization measurements.

It looks like that first the magnetic moments are pinred by some unknown
reasons and the transition field becomes very high in the first run at lower
temperature. But once the transition to the ferrémagnetic structure occurs,
the pinning disappears and never appears again. As for the origin of the
pinning, we can imagine something, for example, lattice defect, magnetic
striction and so on. But the strange magnetic behavier at low temperatures

of this alléy can not be well explained at the present stage.

-



§4-3 Er(83.8 at.%)-Tb(16.2 at.%) alloy.
i) ¥xperimental results.
It is the purpose in this experiments to determine the semi-cone angle of

the Tb ion 6, in the Er(83.8 at.%)-Tb(16.2 at.%#) single crystal alloy. The
¥-ray snisotropies Ib and Ic of the 300 KeV and higher-than-1.1 MeV ¥-ray photons

of Tb160 were measured. The temperature of the sample was determined by the
‘measurements of the susceptibility of the adiabatically demagnetized salt. The

fesults are summarized in Table II(Db). The semi-g¢one angle of the Tb ion sTb

was determined from the these results are shown in Fig.1l2. The errors in GTb

come mainl& from the errors in the temperature measurements and the Y-ray
anisotropies. bThe teﬁperature of the sample increases monotonically and chenged
by a few mK during the‘r—réy counting which is shown in Table II(b). Ve calcu~
léied I corresponding to the middle temperature and the

results are shown in Fig.l12. Concerning the error in Iexp’ the statiscal error

arising from Y-ray counting is>f§irly smell, but in addition to it there are‘
several errors arising from experimental set up, namely the directional difference
between the crystal axis and the counter direction, channel drifts of the PHA
and so on. Though these errors can not be estimated quamfitatively, we estimated

the error in Iexp to be about *1 %. Fig.l2 shows this process and the values

of eTb with estimated error are summarized in Table II(b). The four independent

values 6., determined from Ibzl(GTb,Jt/Z) and Ic==I(9Tb,0) for the 300 KeV and

higher~than-1,1 MeV ¥-ray photons coincide within the error. This good coinci--
dence supports the validity and accuracy of our experiments. We conclude that
GTb=:68ﬁt4z This result is consistent with the results obtained by the spin

echo measurementsl7).

60

Because the nuclear properties of Tbl are weli known, it seems that there

is no ambiguity in the calculation of the y-ray anosotropy emiited from the

polarized nuclei., Thus the semi-cone angle eTb in this alloy was most directly

.

determined by these measurements. This is largely different from the spin echo

4
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method which needs some assumptions about the origin of the electric

field gradient, q. Moreover eTb is obtained independently of gEr in

contrast with the neutron scattering technique, Thus, in favorable cases,
nuclear polarfzation technique is very suitable for the investigation of
the magnetic structure of some complex system.

THese results were already reported 18).
ii) Double cone structure.

The above result means that the semi-cone angle of the Tb ion in the
Er(83.8 at.%)-Tb(16.2 at.%) alloy is about 66°. Acaording to the neutron
scattering experimentsz), the spin structure of the alloy is conical at very
low temperature and the semi-cone angle of the average moment (that is,
the concentration average of Er and Tb) is about 300, or, because the concen-
tration of the Er ion is much larger than that of Tb ion, the semi-cone
“angle of Er ion is approximately of this magn i tude. Then it is concluded

that the spin structure of this alloy is '"a double cone structure",. namely
the Er and Tb ion have different semi-cone angles.. This:'is physically
explained as follows, Er and Tb ions have proper large magnetic anisotropy
energy, and the easy direction of Tb ion in Tb metal is the b-axis while
that of Er ion in Er metal is- the c-direction. In the alloy, each ion still
hés & proper anisotropy energy which is, however, slightly affected by the
 surrounding dislike ions. This proper large anisotropy energies cause
that each ion has a di}ferent semi-cone angle.,

Now we consider theoretically about the possibility of the double cone

19)

structure in detail. Miwa et al. discussed magnetic orderings in the

rare earth metals and calculated its energies with various ordered states,

19)

The energy in the cone state is given, following Miwa et al. s. DY

E(O)/N = -3(8)57 - {510) - J(Q)-$7 coa®6

t D R6os8) 1 £:F (cos 8) TF-Fpleosd) )



where 6 is the semi-cone angle, N is number of the ions, S is the components
of the spin along the direction of the total angular momentum, or the spin
itself in heavy rare earths, J(q) is the PFourier transform of the exchange
integral, Q is the turn angle, namely J(q) has a maximum at q=Q, and D,E and
¥ are the second, fourth and sixth coefficients of the: anisotropy energy
respectively. We calculate the energy in the double cone state of the alloy

and the result is as follows;
E(8,,6,)/N= f-czsg {JZZ(Q)+ (35,(0)-3,,(0)] c—os-262 }
-(l-c)z Si{&ll(g)f[Jll(O)-- Jil(Qchoszelg
~2¢(1-c) s, 5, {JTIZ(O),c.os 9jcos 6,4 I, ,(Q)sin 8, sin 92} (2)
+ c{DéPz(cos 92)+E2P4(cos 92)+FEP6(°05 Gz)s
+ (l—c)iDle(cos el)+E1P4(cos 91)+EaPé(cos 61)} ,

wvhere subscript 1 means the erbium ion and 2 means - the terbium ion and ¢ is

the concentration of the terbium ion, In a simple theory of RKKY interactions,,
it can be assumed that Jif=Jié=Jé2' If. the cone state is stable, the semi-

cone angle of the Er amd the Tb iomny, 61 and 92, are determined by solwing

simultaneous equations,

2E (6, 6. 2E (8., 82) _
§0| ) =0 and . = '392’ —0

&

Although the values of J(0), J(Q),Di, E; and F, (i=1,2) in this alloy are not

exactly known, we can get 91 and 62 where 2&.5°<.91< 92<:90o if we assume
appropriate values for these. This means that it is possible theoretically
that the semi-cone angle of the Tb ion is different from that of the Er ion,

In the next subsection, taking Kasuya's‘calculations into acount, we will try

to discuss the values of J(0), J(Q), D;, E; and F, (i=1,2) which are consistent

with the experimental results,



iii) Calculation of exchange and crystalline field parameters,

Now we discuss about parameters J, D, E and P. Crystalline field
parameters D, E and F for heavy rarve earth metals were discussed and calculated
bj Kasuyazo)aséﬁming the point charge model.Also, the exchange parameter J i
pﬁre heavy rare earth metals were discussed and estimatéd by him, These values:
in pure Er and Tb metals are listed in Table III (from now on we refer these
values as the K-~values).

In the case of Er, neutron scattering experiments on spin waves have been

21) and igotropic and anisotropic exchange constants

done by Nicklow et al.
were determined. However, it seems rather difficult to infer these constants
in alloys only from the values for pure Er metal and alse to obtain the value
of semi-cone angles by a simple calculation taking isotropic and anisotropic
exchange interactions into account. Therefore, for a phenomensclogical
‘interpretation of a double-cone structure, we proceed our discussions following @
simple expression of energy as given by Eq.{2).

First we consider the case of the pure Er metal. In this case Eq.(2)

becomes Eq.(1) and equation

2E. (6))
29,

- (4)

must be satisfied by the value of 91 which is determined experimentally, or

0.=28.5°. Prom Eq.(1) and (4), we get

1
M'Beoszelf;;cos‘*ef 0 : , (5-2)
where |
3 ‘
A=[s {J@-30)+3 D] - g% NEL Gob)
38 E 318
693 ’

Since 91 and S, are known (91==2&.3°, Si::l.s), Eq.(s-a) is a function of
{9(9) - 3(0)}/F;, D,;/P, and E;/F;. If we assume two of these, the rest can

be determined. V .

20



Next step is.a case of the alloy. Let ws consider an;Eri_chc alloy

in which the terbium concentration, ¢, is only a few, Taking terms which

depend on 92 and neglecting ¢? terms, Eq.(2) is reduced to

E-L(e,z}/z -2¢6,5,[J00) cosh, 056, + I(Q) sim O, Sim Oz]
N ) (6)
+¢[D,P(cos 8,) tE; P, (os0:)4F, P, (cos 6,)]

We will seek for relations between J, D, E and F which satisfy Eq.(5-a) and

) in which Ez(ez) becomes minimum around 92=:&69. If we use the K-values,
|
|

Eq.(5-a) does not be satisfied. Then, E /F) and J(Q) - J(0) are changed

from the K-values, satisfing Eq.(5-a). Before calculetionsof Eq.(6) as =

function of 62, Dys Eé and F, must be known and also J(Q) and J(0) must. be

known separately. Then: we héve three assumptions;

(1) the ratio J(Q)/J(0) is the same as the K-values, that is,

J(9)/3(0)=5.508/3.424=1.609, (7))

(2) the ratio of D2/D1’ E‘z/E1 and Fb/Fl_are also the values which are

calculated from the K-values, that is,
Dy _ Ve(Tb) U(Ev) 977 683 _ 2.739
D, ‘V:(EY) v:(Tl:)-*#.ZO S&o0 )

Er _ Ve(Tb)  Ve(Ev) _-0.818 _6&&

E, Vi(EY) (T ~ -0.6)8 730 /. 18% (8)
- Fr VOB (e -0 ol 283 -
.. Fl ’ W(EY) ’U"'(Tb) - 0,778 280 = =~0./131] 7

(8) F,=0.775 X 10715 erg (the K-vadue). )

FTomtEq.(S-a) we can determine some reasonable combinatdion

fo(@) - 3(0)}/F, p,/P, end E /P,

values of

From these values, J(Q), J(0), D, E,,

-~

and FE ere obtained using above three assumptions. Then, 62 dependence of

Eé(Gz) can be calculated and we obtaine 6, . in which E2(62) becomes minimum.,

Some these calculated results are shown in Table IV. W‘hen‘El/F1 is assumed

to be ~0,7974 which is the same as the K-va.lu.es,ve2 min is equal to 60o which

21



is almost independent of the exchange energy J(Q) - and F(0). When EI/F =

-0.3987, the situation is almost the same as the above cases .These . 92

" nin.
are quite equal to the experimental value, eTb= 66°t 4°, On the other

hand, if E1/F3= -1.595, © in largely depends on the exchange energy and

2m
it increases as the exchange energy does. When J(Q) - J(0)= 2.085 X lOflserg
which is obtained using the K-values, 92 min becomes 53°. This value

is less than the experimental value, Ssz 66°+ 4°,  In conclusion, the

double cone structure is realized theoretically, if some appropriate exchange
and crystalline field parameters are assumed.' These parameters, of cause,

restricted within some values.

22



§4-4 Conclusion.

Nuclear polarization technique is firstly used to analyze a spin structure
of the alloy, Er(83.8 at.%)-Tb(16.2 at.%#) alloy, and the semi-cone angle of
the Tb ion in the alloy is successfully determined to;be'6G°i:4°. This
technique is able to apply for any metals and insulators and it has\some
merits, namely, even if a sample is constituted with many kinds of atoms
and some of them have a little composition, the spin direction of each atom
can be determined respeciively and directly from only the j-ray couniingse.
Butlthis technique needs, at least, one isotope which emits appropriate T

ray photons, then applicable samples are limitted a little.
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Figure captions.

Fig.1 The abbreviated decay scheme of the Tblep

Fig.2 The Y -ray energy spectrum of the Tb}so nuclei measured with a 2 in.

nuclei,

X 2 in, NaI{(T1l) scintillation counter,
Fig,3 The relation between the direction of the moment and the NaI(T1)
scintillation counter for the conical structure. The former is Tepresented

as (X, ¢) and the latter as (ﬂ,?’). ¢ is the angle between the both..

160

Fig.4 The calculated variationsof the Y-ray anisotropies of the Tb nuclei

in the conical .structqre of the Er(83.8 at.%)-Tb(16.2 at.%) alloy versus
the semi-cone angle at T=0 K |

(a) for the higher—than-1.1 MeV peaks and

(b) for the 300 KeV peaks.

160

-Fig.5 The calculated variations of the )Y-ray anisotropies of the Tb nuclei

in various directions of a counter and structﬁres of the Y{(31l.4 at.%)—
Tb(68.6 at.%) alloy versus temperature

(a) for the higher-than-1.1 MeV peaks and

(b) for the 300 KeV peaks.

Fig.6" The abbreviated decay scheme of the Inlgz

Fig.7  The Yy-ray energy spectrum: of the 11;92

nuclei,
nuclei measured with a 2 in..
X 2 in, NaI(Tl) scintillation counter.

192 nuclei

Pig.8: The calculated values of the Y-ray amisotropies of the Ir
in the ferromagnetic structure of the Fe~0.3 at.% Ir alloy for 470 KeV peaks
(a). versus temperatures and
(b) versus angles between spins and a counters. .
Pig.9 Magnetization curves:of the Y(3l.4 at.%)-Tb(68.6 at.%) alloy at 4.2 K.
An: applied field is parsllel to the easy axis of the alloy, mamely to the

b-axis. The transition field in the first run are 18 KOe (as the field

increases) and 4 KOe (as the field decreases) but thereafter they are

28



5 KOe (as the field increases, much less than that in the first ryum)
and 4 KOe (as the field decreases, the same as the first run).

Pig.10 The temperature dependence of the magnetic moment of the Y(31.4
at.%)-Th(68.6 at.%) alloy under an applied field (10 KOe) which is
parallel to the b-axis, In the first run as .temperature rises a large
jump of the magnetization occurs near 20 K but in: a return cycle there
is no such jump.

Pig.1ll Temperature dependence of the transition field of the Y(31.4 ate)—
Tb(68.6 at.%) alloy determined by the magnetization measurements.

In the first run tﬁe-transition.field (as the field increases) bécomes
rapidly highér as the temperature becomes lower.

160 nuclei in

Fig.12> The calculated ¥-ray anisoiropies of the Tb
conical structure of the Er(83.8 at.%)-Tb(16.2 at.#) alloy at 40 mK
and measured Y-ray anisotropies

(a) for higher-than-1.1 MeV peaks and

(b) for 300 KeV peaks.
Prom this figure the semi-cone angle of this alloy is determined that.
By, = 667 4%,



Table captions.

160 and Ir}92?nuc1ei.

Table I  )Y-ray transition properties of Tb

Table II{a) Experimental results of the Y(31l.4 at.%)-Tb(68.6 at.%) ailoy..
0=JU/2 means that an axis of the NaI(Tl) scintillatiom counter is
parallel to the b—axis of the alloy and 6=0 means that is parallel

Yo the c¢c~axis of the alloy. Ty is the temperature which is obtained

from the measured ¥-ray anisotropies, Iexp’ and Fig.5, assuming

’ the magnetic gtructure is spiral. . T, is

the temperature obtained from the susceptibility measurements of the
deﬁagnetized alum.
Table II(b) Experimental results of the Er(83.8 at.%)-Tb(16.2 at.%) alloy.

The semi-cone angle, eTb, is determined from the measured Y-ray

anisotropies and Fig.l2,

Table IXI" Bxchange and crystallime field parameters for Er and Tb ioms

in each metals calculated by Kasuyalg). ¢/(0) and ¢(Q) are related

with exchange paremeters. V;, V: and V; are crystalline field

parameters and erystalline field energy E(6) is written as following;

. E(0) = V{ﬁ(cos 6) + V‘: P (cos6) + VZ Py (cos 6)

o

Vo

o o
' Vg4 and v

g are functiops of lattice constants.

Table IV Calculated results of the semi-cone angle © with various

2 min
exchange and crystalline field parameters., Experimental results is

= an®4 40
eTb 66 X 4,
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Table I

¥=~ray energy| transition. type|transition
nucleus (Kev) probability [ U, Uy
1312.0 g—ts3 1 5o 2.75 1/40;
1272.0 oo Yoo | 758 ~1/80
1200.0° a_Y,3 L .o 3.00 1/40
gplé0 | 12782 g—Ls2-152 | 13.22 - ~1/30
1115.,0 s—Yyg 1 4 2.25 1/96
309.6° g—1l,5 1.3 0,90 /15
208.5 31,0 1,0 | 26,87 ~1/30
192 4681 43154 2,5 | 49.00 -17/784 | -1/490
Ir
484,6 41,32 5 3.43 -5/184 | 3/490
Table II
(a) Y(31.4 at.?)-Th(68.6 2t.%) alloy.
6 higher than 1.1 MeV 300 XeV Tx(mK)
1(0,8) T (mK) 1(0,8) T y(mK)
/2 1.070 57 1 10 1.181 2914 2641
0 0.946 50112 | 0,903 24t 6 o8 12
“(b) Er(83.8 at.%)-Tb(16.2 at.%) alloy.
6 higher than 1.1 MeV|[ 300 KeV Ty (mK)
I(8g,s8) | Oy (8, 6) S
/2 0.979 65t5 | 0,971 66t 4" | a4tp
0 1.037 66t 3° 1.071 67t 3° 40t 2 .




Table IIX

Paya.metcv ron
unit Tb Er
£ (Q)-¢' (0) 15.1
£ (0) 1.381 X 10" %6rg 24.8
*
J(Q)-J(0) 2.084
* -
J(0) 10715 org 3.424
*
J(Q) 5,508
vg 9.77 | -4.20
0 10715
. erg -0.818 | -0.618
70
6 -0.101 | 0.775
0
v 1 ~0.0730{~0.0655
0
Vg 0.280 | 0.283

*)These values are calculated from £ (Q)-¢g (0) ana g'(0).

Table IV

El/Fl I(9)-J(0) Dl/Fl D, E, 85 min
1.042 -0,1460 | 0.3098 32’

-1.5948 2,085 -2,1647 | 4.5952 | -1.4633 53°
4,170 -6.2002 [18.162 58°

1.042 -1.7463 | 3.7069 60°

~-0.7974 2.085 -3,7650 | 7.9924 | -0.7315 60°
4.170 -7.8004 |16.5592 60"

2.085 -4.5650 | 9.6907 61

-0.3987 4.170 -8.6005 }18.258 -0.3657 61"

*¥) In all case,Fl=0.’775, FZ/F1=-O.131’T and J(Q)/J(O)=5.5084/3.4237.

**) Units of J(0)-J(0), F),D

2

.and E,. are all 10~

2

15

erg.
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