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                       Synopsis 

        Single crystals of heavy rare earth alloysi Y3lTb69 and Er 84 Tbie
p 

were cooled dovn to about 40 mK by heat conduction through a copper rod connected 

to an adiabatically demagnetized K-Cr alum salt. By slow neutron bombardment., 

small amounts-of Tbl59 had been transformed to radioactive Tb 160 and the 

anisotropies of Zr-rays emitted from polarized Tb 160 nuclei were measured. 

Because the Y-ray anisotropy depends upon the spin structurep we could determine 

spin strucrures of these alloys by this method. 

     In the case of the Y 31 Tb 69 alloyv the phase transition from spiral structure 

to ferromagnetic one under an external magnetic field was~studied. The alloy 

c~d 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 Me in the first run but the critical field was reduced to a few KOe in the 

second and further runs. These results are consis-tent with the above nuclear 

polarization experiments but this strange phenomenon has not been explained 

theoretically. 

     In the case of % 4 Tb 16 alloy whose spin structure is conical at low 

temperature, the semi-cone angle of Tb ion, 0 TV was determined to be .66'± 40 

by the nuclear polarization technique. On the other hand, the semi-cone angle 

of Er ion, GEr, is about 30 0 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, that is, the structure is "a 

double cone structure". We made some simple calculations based on &.model 

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

alloys and one-ion anisotropies-are assumed. Because many parameters which are 

not exactly known are necessary in the numerical calculation, it may be impossible 

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



shown that for some restricted range of the numerical values of the parameters2 

a double cone structure which is compatible 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 tho anisotropy energies.:of these two 

ions; the anisotropy energy minimum lies in the c-plane in Tb while it is 

along the c-axis in Er. 

     This is the first s=aessful work to determine spin structures using 

nuclear polarization.technique. The spin structure is determined by only 

Y-ray countings in this method. Then this technique 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 technique and the spin echo method.

iik



§1. Introduction. 
     In our laboratory, in order to perform nuclear polarization experiments 

low ~emperature equipments have been constructed in recent years. At-the first, 

we heve done experiments of the nuclear magnetic resonance'on oriented nuclei 

(NMR/ON) and measured the field dependence of'the nuclear spin lattice relaxation 

        60 1) time of Co nuclei in the iron 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 thesis. 

      Magnetic structures of heavy. rare earth metals and alloys which all have 

simple hexagonal structure in the paramagnetic phase have recently come to 

light 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 one to ferromagnetic one at 221 K. Throughout the ordered 

phases, the moments li-e in the c-plane. Erbium m stals have more complex 

transitionst and at the lowest temperatures (i.e. below 20 K) they have conical 

0 structure whose semi-cone angle is 28'.5 Thus at low temperature the angle 

between the crystalline c-axis and the moment is 90 0 in terbium metals and 28,.5 0 

in.erbium metals. The different angles in these metals come from the difference 

:in the anisotropy energieg about the c-axis. Then it is interesting whether 

the direction of the moments of the terbium atoms and that of the erbium atoms 

                                                                   2) in erbium-terbium alloys are the same or different. In 1969 Millhous et al. 

measured the spin structures of these alloys with the neutron diffraction 

technique. Their results showed that the alloys in which the terbium 

concentration is less than about 40 at.% have conical structure at low 

temperature. They measured the m6ments parallel to-and perpendicular to 

the c-axist which, for example in Er(90 at.%)-Tb(IO at.%) alloy, are 7. 8 ~B and



   4.6pB~ respectively, at 4~2 K. From these values they determined the 

   semi-cone angles 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 resolutive power. On the other hand, 

   because only the*6-rays emitted from 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-cone angle 

   of Tb ion in these alloys. It is necessary for the performance of the 

   nuclear polarization experiments that there is appro priate radioactive 

   isotopes whose nuclear spin is greater than 1/~j Whose half life time is 

   fairly long and which emitlvs-suitable T-rays. Tb 160 nuclei satisfy these 

   conditions. On the contrary, there is none of such erbiura radioactive 

   isotope. Thus, the semi-cone angles of only terbium ions can be measured 

   by this method. Since the semi-cone angle of the terbium atoms was not 

   determined by neutron diffraction technique, the experiments of nuclear 

   polarization in these alloys seem very interesting. 

         Next the transition in yttrium-terbium alloys from spiral structure 

   to ferroAgnetic one under an external magnetic field will be considered. 

   Koehler et al. 3) and Chield et al. 4) revealed that the yttrium-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 ferromagnotic one 

   when an appropriate external magnetic field is aT)plied and that this, 

   process can be observed by nuclear polarization technique as well as by 

   magnetiz;ktion 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 experiments.



       The samples on which we performed nuclear polarization experiments 

were studied at the some time by the usual spin echo methods by Dr.Sano and 

Mr.Shimizu and the nuclear hyperfine energies of the stable isotopes in these 

alloys were determined. These values will be used to analyze our experimental 

results. 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 atom in the alloys can 

be determined independently, but to obtain numerical values it is necessary 

to assume that the olectric 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 'r-ray anisotropic measurements. Thus the 

nuclear polarization technique is very suitable for the study of spin structure 

i;a some complicated system. 

     Nuclear polarization experiments have been done by many workers to 

investigate the nuclear properties and hyperfine.interactions and often to 

determine temperatureg. Perhaps none have done to determine the spin 

structures of magnetically ordered materials by this method, except Lebrance 

at al.5) who observed the Zr-ray anisotropies of Ho 166m- 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 sample, the degree of the nuclear 

polarization of Ir 192 nuclei in a dilute Ir-ZZ alloy attached to the sample 

was measured. 

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

the y-rays emitted from Tb 160 nuclei in various magnetic .ally ordered phases 

and from that Ir ~92 nuclei in the ferromagnetic iron alloy. These numerical 

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



University. These results are used 

In section 3t vie explain the methods 

and .production of the radioactive Tb 

appAratus. In the last section we 

discussions.

 to discuss our experimental results. 

 of the preparation of the single crystals 

160 
and Ir 192 nucleis and the experimental 

describe the experimental results and
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   2 '6-ray angular distributions. 

   2.1-1 General formulas of the ~-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 1 emitting a single 6-ray with the 

L 
angular momentum L. We denote this process as (J---~-JJJ). Then the 

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

direction is written, following the Steenberg's work 6) 1, by 

j 
                                                                    .7           = L WIM (-I ) -

where 

                    f Tf PK(ZD-'; 0) 
                                K eve-4 

K is restricted to K-_I_'2T, and K:S2J,, m is the z-component of the nuclear spin J? 

W (T) is the population of nuclei in the m-th level which depends on 

m absolute temperature Tq 711(cos 0 ) is the k-th Legendre polynomial and 

K is ntrmalized in the sense that P K (1)= I and 0 is the angle between the 

direction of the a-ray emission and the axis of polarization. The 

                                                        6) 
expressions of aK(T,), SK(iti,,L) and r1k(m,J) are given by Steenberg 

Next, in-the case of the successive emissions of y~rays which are repre.-

sented with (1 1 i~j 2 ~j E02) is rewritten as follows; 

2 

                               (J~, j2,, L.4) - .5 K (cos 0). (3 

K is now restricted to KEL2L K !~4 2J an d K -- 2LT V Using Eq.(3)., Eq. (1) 

is rewritten 

     ice) L -UK'. 
where kleve., K(T) .2 

       KCT Y' WIM                           -5                                                                    -j 

             aK 01 5K (ji .., JZ 6.2 (-T



 Above results are normalized in the sense that I(G) =1 for high enough 

 temperature where the nuclei is unpolarized. Usually we measure ~--rays 

 at low temperature (30'mK or so) where nuclei are partially Polarized,, 

 and the counting rate at this temperature is divided by'that measured 

 &thigh temperature(Tn:~IK).. This ratio gives the experimental I(G) value. 

 These I(G)values (hereafter we write as "the X-ray anisotropy") tell us 

 B K W values when U K 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 

 knowny because B K (TI is the function of these. 

      When the magnetic structure is simply antiferromagnetic, the above 

 formulas eaually holds.. but when the magnetic structure is more complicated, 

-P 
K (cos 0) in Eo.(4) should be properly modified. In the case of the conical 

structure whose semi-cone angle ist)(.. R(cos 0) in 13q.(4) should be modified 

K to P K (cos 0)-P~(cosd,)p where .0 is the angle bet ween the axis of the cone 

and direction of the t -emission. Thus, the measurements of the r-ray 

anisotropy tell us the semi-cone angle if BKM and U K in.Pq.(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 ~--ray 

anisotropy of Tb ISO and, Ir 192 nuclei are discussed. 

§2-2 'd-ray angular distributions of the Tb 160 nuclei. 

     The abbreviated decay scheme of the Tb 160 nuclei is given in Fig.1 and 

its energy spectrum measured in our laboratory with a 2 in. x 2'in. NaI(Tl) 

 scintillation counter i's sho,%,m in Fig.2. The decay scheme of the Tb 160 

nuclei is very complex but we concern only 1178.1 KeVj 1272.0 KeV and 298.5 

KeV y-rays whose '~-ray anisotropies are larger than others and transition 

 schemes are the same, represented by (3 1 2 1 ~12). We can easily calculate 

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



temperature (T =0) where all Iff (0) equal zero except W (0) or T that is                                M_ _j(O). 

                   PZ ( CO's 

Z 

                      .3 C O
;S 

We get easily that I(O)=0.5 and IOC/2)=L1.25. These results mean that 

the ~-ray counting number at 0 =0 is much less than that at 6=X/2; 

      The above results are very simplep but unfortunately there are other 

I-rays which have nearly same energies as those of the above ~-rays and 

decay through other schemesp for examplef 309.6 KeV Y-ray which is very 

close to 298.5 KeV one. Since these two can not be resolved by the NaI(Tl) 

scintillation counter and since the transition scheme of 309.5 KeV ~r-ray 

      I I As 0 >2--=--->3), the ~-ray angular distribution is different from that 

of 298.5 KeV ~-rays. Though the intensity of the 309.6 KeV Y-rays is 

much weaker than that of 298-.5 KeV ~'-rays, the anisotropy in the sum of 

these unresolved ~-rays is slightly different from that given by Pd.(5)9 

when the weighted average is calculated. Alsot in the case of 1178.1 KeV' 

and 1272.0 KeV '6-rays which are unresolved by our scintillation counter, 

there are other three -~-rays which we must take into account, that is 1115.0 

KeVO 1200.0 KeV and 1312.0 KeV W-rays. The transition schemes and U 2 

values for ail these 'd-rays listed in Table I. The signs of U 2 . show that 

the S-ray rnisotropies 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 La.(5). 'asing 

U 2 values and transition probabilities in Table I, 'vie 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 than 1.1 MeV peaks (which are the sum of the 1115.00 

     .1178..lt 1200.0, 1272.0 and 1312.0 KeV T-rays); 

7



         1(0) = 0-77,67 7-/.Z A 13 S 6 

        for the 300 KeV peaks (which are the sum of the 309.6 KeV and 298.5 

        KeV T-rays); 

          t 0) O,V~48 6 A 7 
       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 

                  + (3 + 

  We here assume that the principal axis of the electric field gradient is parallel 

  to the direction of theelectronic magnetization and also the electr:Lc quadrupolar 

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

  substate is represented as 

        W, T e X (7 E-111 A e X E" 
                                                            i-n = -J' 

  The values of -d.'n'Ho and e 2 qQ of the Tb 159 nuclei in ferromagnetic Tb 

  metal are measured by the spin echo method in our laboratory 7) i.e* ~JhR 0 

                                               159   3120 MHz and e qn =1347 MHz. Since the -rvalue of Tb nuclei is 9.6540 

  Imz/10 4 Oe and that of Tb 160 nuclei is 4,0648 UHz/10 4 Oe, ~' tH for Tb 160                                                                         IL 0 

  nuclei is calculated to-be 1308.6 MHz. Next, the value of Q of the Tb 160 

                                             8)   nu clei was determined to be 3.0 barns by Easley et al. and it is already 

  knomn that the value of Q of the Tb 159 nuclei is 1.34 barns, then the value 

  of e 2 Q of the Tb 160 nuclei is estimated to be 3016 MHz. Using these values, 

                                       160   we can calculate r-ray anisotropiesof the Tb nuclei in the ferromagnetic 

  structure. 

       Next we consider the case-of the conical spin structure of the erbium-

  terbium alloys. Let us see Fi--.3, where we take the polar axis as the 

  crystalline c-axis, the angular coordinates of a nuclear spin as Ok and 

  (cA. is the semi-cone angle) and the observation direction as Pand is



 an angle between a nuclear spin and the observation direction. 'when the 

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

 generally the case, the nuclear spins are distributed such as ~pis uniform.over 

 2)L and the X-ray anisotropy observed by our experiment corresponds tothe 

 case where the average of P,(cos 1) over is taken instead of P K (cos 6) in 

 Eq.(4), or 

I 

          .7, IL 

                        P, P, (Cos e 

                    PV Cos.           P1, coso() -

 Here -we used the addition theorem of the Legendre polynomials. Since B K (T) 

 and U K in Eq.(4) are the same as those in the ferromagnotic case, I(4:~' 

 is given by 

     I N,P) =,I 'tZ -8 (T)-L[ P~JCO.SCQ. pi, (Cos A) 
                           k! eve-n K K 

Ifck= 0 (the ferromagnetic case), P K (cos%A,) becomes unity and Eq.(8) is 

reduced to the Eq.(4), that is, I(O,~ P ) = 1( 0 )., If V,=;%- /2 (the spiral 

case), we obtain P K (coscA)= -1/2,, and with the subscript Sp for the spiral. 

structure# 

                .2 8 M - UK - PV (cos 
                               K,, even K 

We note that is unchanged by the exchangeC~ and This result 

is very important. If the semi-cone angleck satisfies PK(coso~)= 0, then 

I(r,~qp ) becomes unity whatever 0 and T are. Some results of calcult"ions 

of Ea.(8) and Eq.(9) are shown in Fig.4'and 5. The 159                                                   ~Ho values of Tb 
nuclei in Tb-'Fr and Tb-Y alloys are measured in our laboratory by spin echo 

method. For example the value in Er-10 at.~a.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.



   §2-3 Y-ray angular distribution of the Ir 192 nuclei. 

        We can know B,(T) from the measurements of the ?-ray anisotropy since 

  U K values can be calculated if the nuclear transition scheme is known. RK(T) 

  is a known function of the absolute temperature T and nuclear Zeeman energies 

  when e 2 q1' can be neglected. By the measurement of the Y-ray anisotropy of 

  the nuclei whose nuclear transition scheme and Zeeman energies are accurately 

  known, we can determine the absolute temperature. Fbr the determination of 

 .the temperature, we used I-r 19P nuclei in the iron [1,Fe-0.3 at.% ir)t firstly 

  because the T-ray anisotropy changes sensitively with the temperature in the 

  range from 20 mK to 50 mK due to fairly large value of the Zeeman energy, and 

  secondly because the half life time of the Ir 192 nuclei is fairly long (T 

  74.2 days). The abbreviated decay scheme of the Ir 192, nuclei is given in 

  Fig.6. We use the 468.1 KeYpeak for the temperature deteriniination. 'Weak 

  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 6-ray anisotropy (see Fig.7). 
                                   160   This effect is similar to the case of Tb nuclei discussed already. In 

  contrast with the Tb 160 casep U 2? and U 4 term are necessary for the calculation 

  because of the electric quadrupole nature of the transitions in Ir 192 nuclei. 

  The'se values are also given in Table I. The Y t1l value of Ir 192 nuclei in                                              n 0 

  the iron was determined as 407.54 MHz by Reid et al. 9) . using nuclear polari--

  zation techniaue. Neglecting the second term in En.(6),, we calculate the 

  ray anisotropy for the 46a.1 KeV peakp" and the results are shown in Fig.8, 

  This curve is used for the determination of the temperature.



     3 Experimental procedures. 

    J3-1 Sample preparations. 

         The Nights methods 10) were applied to the growth .of the single crystals 

    of hea;vy rare earth alloys. First we cut the ingots of the pure metals of 

    9 9.8% purity in appropriate masses and then melt them with an argon are 

    furnace overturning about five times to homogenize the sample. To Prevent 

    distillations in the following process9 especially for the erbium alloysp the 

    alloy was enclosed with argon gas of appropriate pressure in a quartz or an 

    alumina tube. Then it was annealed in a siliconit furnace at a temperature 

    somewhat 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 ivas parallel to the longest side and the c-axis 

    was perpendicular to the surface of the disk. Iffe 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. 

    Te sent the single crystal samples to the JaDan Atomic Ihergy Research Institute 

    in Tokai Village, Ibaragi Prefecture. The sample enclosed in a quartz tube 

    was put into the reactor and irradiated with slow neutrons to produce Tb 160 

    active nuclei of a few pCi. 

         The active irldiumi. nuclei- Ir_ 192-1 in Iroul were also obtained by the neutrun 

    irradiation of Fe-0.3 at. % Ir alloy.



'J3-2 Experimental apparatus. 

      Since most parts of the experimental aDparatus and procedure of adiabatic 

demagnetization are the same as one described by Dr.Kohzuki we explain-

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 soft solder at one end of a 

copper rod and many copper wires were soldered with Cd Bir                                                       40 )0 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 bakelite rod in avacuum cell which was immersed 

in liquid helium. 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 I 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(31.4 at. %)-Tb(68.6at. %) alloy. Also, this magnet was used to saturate 

magnetically the iron-iridium thermometer. The y-rays were detected with 

two Nar(Tl) sdintillation counters. One of these counters was set parallel 

to the b- and the other to the a-axis of the sample. The signals from the 

counters were analyzed by a pulse hight analyzer (PHA) and energy spectra of 

the jr-rays emitted in the two direction were obtained. The 300 KeV and the 

higher-than-1.1 MeV peaks of the Tb 160 Y-rays were . used to obtain the nuclear 

polarization as described earlier. 

                  12



    §4 Experimental results and discussion. 

    §4-1 Thermometer. 
          It is very difficult to measure temperature accurately at very low 

    'temperature . In the adiabatic demagnetization experimentst the.para, 

    magnetic susceptibility of the demagnetized salt is usually measured to 

     know its temperature. In our experiments, we always measured the T)arp---

    magnetic susceptibility of the chromium potassium alum by the usual A.C. 

    Uartshon bridge method This value tells us the magnetic temperature T, 

    then we can know the absolute temperature T because the relation between 

                 13) v 14),         and-T is known, . But the relation is not so accurate at very 

    low temperature (-20 mK) and moreover the temperature of the sample may 

    not be always the same as that of the A.lum. Then it is needed to know 

    the temperature of the sample accurately and directly. 

         It was .already noted that the W-ray anisotropic distribution emitted 

    from aligned nuclei whose nuclear properties are well Imown tells us 

    temperature. For this purpose the 470 KeV peak (which are the sum of 

    the 468 KeV and 485 KeV ~-rays) of the Ir 192 in Fe-0.3 at. % Ir alloy was 

    used. The activated Fe-0.3 at. 5'0' Ir alloy was soldered to the copper 

    r od of the cooling system together with the sample when its use .was desired. 

    The temperature TY can be determined easily from the measured ~r-ray 

    anisotropips using Fig.S(a). It was assured from these experiments 

    that the temperature measured -with the Fe-0.3 at.% Ir alloy thermometer, T 

    nearly coincided with the temperature measured with the paramagnetic 

    susceptibilityq T-X* Thereforep in most experiments the temperatur~ 

    of the sample was determined by the paramagnetic susceptibility measurements 

    of the alum.

a
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 §4-2 Y(31.4 at.%)-Tb(68.6 at.%) alloy* 

 i) Magnetization measurements. 

       We measured the magnetization curves of the Y(31.4 at.%)-Tb(6a.6&t.~~) 

 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 

 temperatures 3)24) and when the external field is appl . ied along the b-axisy 

  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 H C. from spiral to ferromagnetic structure (7.5 KOe 

 for increasing and 5.5 KOe for decreasing field)6 The magnetic moment 

 amounts to 290 cgsemu/Tb g at 10 Ne (the saturation moment of pure terbium 

 single crystal is 32& cgs emu/gl5) and it is calculated that it becomes 295 

 cgs emu/g under the above conditions). Thusp we conclude that the alloy 

 makes a transition from spiral to ferromagnetic structure under the external 

 field at 77K. 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 Oearound the transition field, the force acting on the alloy in 

  the magnetic balance measurement increased (or decreased) greLdually and did 

 not come to an exact equilibrium even after 10 minute. 

       In,,contrast with the results at 77 K, the experimental results at 4.2 K 

  were~ Muchmore 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 clecreasing the field and 6 We in 

 increasing the field. This means that the transition field for the virgin 

  sample is very high (18 KOO but it becomes lower with a hysteresis (6 KOe 

  and 4 KOe) in succeeding cycles. The same phenomena was observed in the 

 magnetostriction at 4.2 K by Mr.Hinotanil' ) in our Laboratory. 

       Nexty we measured temperature dependence of the magnetization. The 

 result is shown in Fig.10. Whenthe sample was cooled down to liquid helium 

 temperature first without appling an external field and then a magnetic 

                  14



 field of 10 We 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 temperature, but in return 

 cycle, no transition occured down to 4.2 K, indicating that the sample was still 

 in ferromagnetic state. These results will be discussed in connection with 

 the nuclear polarization studies. 

Ii) Nuclear polarization experiments. 

      To measured the magnetic field dependence of the y-ray anisotropies I b 

and I C in'the directions along the b- and c-axesq respectively. The field, 

parallel to the b-axis, was increased up to 13 KOe but I b and I c 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 strength 

at verly low temperature. 

     The experimental results are shown in Table II(a). The temperature depend--

ence of the W-ray anisotropies were already calculated for the various magnetic 

structures as explained in the chapter Z~ The calculated temperatures Tit 

using the above measured anisotropies Iband Fig.5j are nearly eaual to the 

temperature TX measured by the susceptibility of the alum, assuming the 

magnetic structure is spiral. On the other handt if the forro---

magnetic structure aligned along the b-axis direction is assumedg the calculated 

temperature T-, using I b is much higher than Tx (Tr-'JI15 mK) which is very 

improbable. 

     Thus it is concluded that the magmetic structure of thisalloy is spiral 

at zero external field and remains the same up to 13 KOe at this temperature. 

These results are consistent wi-tfi the magnetization measurements described 

earlier. 

                                 .15



iii) . Summary. 

     Magnetization measurements at 77 K and 4.2 K and nuclear polarization 

experiments around 40 mK were performed for the Y(31.4 at.~o)-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 M KOe in the first run, 

but in successive runs it becomes several Me which is somewhat 

lower than, that at 77 K. These results are summarized in Fig.11. By the 

nuclear polarization exT)eriments at about 40 mK, it was found that the 

magnetic S-tructure remained spiral up to the external field strength of 13 Me 

being consistent with the results of magnetization measurements. 

     It looks like that first-the magnetic moments are pinned by some unknown 

x1easons and the transition field becomes very high in the first run at lower 

temperature. But once the transition to the ferromagnetic structure occursp 

the pinning disappears and never appears again. As for the origin of the 

pinning, we can imagine something, for examplep lattice defect~ magnetic 

striction and so on. But the strange magnetic behavior at low temperatures 

of this alloy can not be well explained at the present stage. 
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§4-3 Er(83.8 a-t.%)-Tb(16.? A.t.%) alloy. 
 i) Rmperimental results. 

      It is the purpo,se in this experiments to determine the semi-cone angle of 

 the Tb ion 0 Tb in the Er(83.8 at.%)-Tb(16.2'at.%) single crystal alloy. The 

 X-ray anisotropies I b and I c of the 300 KeV and higher-than-iA MeV '~-ray photons 

 of Th 160 were measured. The temperature of the sample was determined by the 

 measurements of the susceptibility of the adiabatically demagnetized salt. The 

 results are summarized in Table II(b). The semi-bone angle of the Tb ion 0 Tb 

 was determined from the these results are,shown in Pig.12. The errors in 9 Tb 

 come mainly from the errors in the temperature measurements and the '6-ray 

 anisotropies. The temperature of the sample increases monotonically and changed 

 by a few mK during the'r-ray counting which is shown in Table II(b). 'We calou-

 lated I corresponding to the middle temperature and the 

 results are shown in Fig.12. Concerning the error in I exp 9 the statiscal error 

 arising from X-ray counting is fairly small, 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 quamtitat.ively, we estimated 

 the error in I exp to be about ±1 Fig.l?, shows this process and the values 

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

 values 9 Tb de termined from I b =I(& TV -It/2) and I c zz-I(E) TWO) for the 300 KeV and 

 higher-than-1.1 UeV t-ray photons coincide within the error. This good coinci-

 dence supports the validity and accuracy of our experiments. We conefude th'at 

 0 Tb = 66014 This result is consistent with the results obtained by the spin 

                17)  echo measurements 

                                    160        B
ecause the nuclear properties of Tb are well knoNvn, it seems that there 

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

 polarized nuclei. Thus the semi-cone angle 6 Tb in this alloy was most directly 

 det ermined by these measurements. This is largely different from the spin echo 
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    method which needs some assumptions about the origin of the electric 

    field gradient, q. Moreover 0 Tb is obtained independently of 0 Er in 

    contrast with the neutron scattering technique. Thusy in favorable cases, 

    ziuclear polarization technique is very suitable for the investigation of 

    ihe magnetic structure of some complex system. 

                                                                   18,,) 
           These results were already reported 

    1i) 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 660. According to the neutron 

    scattering experiments 2) . 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 30 0 , orp 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 magnitude. 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 

    has a proper anisotropy energy which ist howevert a-lightly affected by the 

   ,surrounding dislike ions. This proper large anisotropy energies cause 

    that each ion has a different 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. 

    The energy in the cone state is givenp following Miwa et al. 19) j.-by 

      F_ (0)/N 11(0) - j(M 

                D-P 6VO)                          .2 P6 ((-05



  where 0 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 Fourie-r transform of the exchange 

  ihtegral, Q is the turn., angle) namely J(q). has a maximum, at q = Q, and D, E and 

  Yare the second, fourth end 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(O IN' -c S 2 J (0),T (Q)') cospe         19@2 2V22(9)-t( 22 22 2~ 
                  _(,_c)2 S2_ i i J (0). - J, (03 e0s, 2 0 

                 -2c,(l-c) S IS'2 ~J"12(0)cos &'lcos 0 2 + 1 12 sin. E) 1 sin.0 21 (2), 
                i- cID 2 P 2(cos 62)tE' 2 P4(cos () 2)+F2P&(Cos @A 

               + (1-c)IDIP,(cos 6 1 )+E 1 P 4 (Cos 0 1)t7lP6(cos ed'I 

  where subscript 1 means the erbium. ion and 2 means the terbium.i-on and c.is 

  the concentration of the terbium Lon. Ina simple theory of RKKI.interactkonzy, 

  :Lt can be assumed that -T, =J,', =,T U the cone state is stablev the semi-                       1 2 22' 

  cone angle of,the Er and the Tb iom, 6 1 and E) 2 , are determined by solving 

  simultaneous equations, 

       E 0 
                -0 0 and 0.2 

  Although the vAlues of J(O), J(Q)pD V Ei and F X (i=1,2), in- this alloy are not 

  exactly knovny we can,get e 1 and 0 2 where 2EL. 5 0 < 0 1 < () 2 < 900 i-f we assume 

  appropriate values for these. This means that it is possible theoreti-cally 

  that the semi-cone angle of the Tb ion is different from that of the Er ion. 

  rn the next subsection, taking KasuyaOs ealculations into acount, we wkIl try 

  to discuss the values of J(Q), J(P), D.v E. and P. (i=1,2-) which are consl&tent 
                                                                          1- 3. 1-

  with the experimental results*. 
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iii) Calculation of exchange and crystalline field parameters. 

     Now we discuss-about parameters Jj D, E and F. Crystalline field 

parameters D, E and P for heavy rare earth metals were discussed and calculated 

by Kasuya.20)assuming the point charge model.Also, the exchange parameter J in, 

pure heavy rare earth metals were discussed and estimated by him. These values~ 

in pure Er and Th metals are listed imi Table III .(.from now on we refer these 

values as the K-values). 

    In the case of Er, neutron svattering experiments on sp3m waves have been 

done by Nicklow et al. 21 ) and isotropic and anisotropic exchange constants 

were determined. However, it seems rather difficult to~infer these constants 

in alloys only from the values for pure Er metal and also to obtain the value 

of semi-cone angles by a simple calculation taking isotropic and anisotropic 

exchange interactionsinto account. Therefore, for a phenomenological 

interpretation of a double-cone structure, we proceed our discussions following ?t 

simple expression of energy as given by Eq.(2). 

     First we consider the case of the pure Er _met&L In this case Eq.(2) 

becomes Eq.(I) and equation 

       E M) 

must be satisfied by the value of 9 which is determined experimentally, or 

Gl=2a. 50. Prom R9.(l) and (4), we, get 

            A: + Bd,o s2 9 t. ,Ccos 4 E) 0 1 

where 

        A + /Os 

       B 3S El 315             Z F, 

         693 

Since 9 and S are known (E) 281~.Z 0 S 1 1. 5), Eq.(5-a) is a function of 

JJ(Q) - J(O)~/Flj Dj/Fl and EZ,/P,. Ifwe assume two of these) the rest can 

be determined. 
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      Next step isa case of the alloy. Let us consider m Eri -c Tb c a;lloy 

   in which the terbium concentration, c, is ouly a few. Taking terms whi-ch 

  depend on 0 2 and neglecting c 2 termsi Eq.(2) is reduced to 

                                        + TZ Sin Oz           0.2 C L i(O) CO$ of CO$ 02 J(a) S, 

                     LZ P2 ( cos 0,,) 1 Ez Pj, ( co5 0,2)                 + C -t F2 P6 ((-0$ 61) 

  We will seek for relations between J, D, E and Pwhich sati-sfy Fq_,.(5-a) and 

  in which Ye2) becomes minimum around 9 2 = 66- If we use the K-values, 

 Rq.(6-a) does not be 'satisfi ed. Then, E,/Fi :axLd J(Q) - J(O) are changed 

 from the K-Valuest satisfing Eq.(S-a). E16fore calcule.tLowof Eq.(6) as aa 

 function of 0., D2, F2 and P2 must be known and also J(2), and J(O) must be 

 known separately. Then.we have three assumptions; 

      (1) the ratio J(Q)IJT(O) is the same as the K-values, that Is, 

         J-('Q)IJ(O)= 5.508/3'.424=1.609t (7 

      (2) the ratio of D 2 /D 1, K./El and P2/Fl. are also the values which are 

           calculated from, the K-valuesp that is, 

          DI V~-(Tb) IVZO(Ey 1.77 6 83 
               v -0 ( r o go -4 73 2                           (TO -#--7 

         EL (E-r) -0.218 6 tt 
           E i (EY) lr4- ( TO -0-6t-8 730 

             r-.z VO(EY -0. 101 283 
             F, V(,O (E r) -V,'(Tb) -7 -7S 2b-C 0./3 /7 

      (3) P1=0.775 X 10.1 15 erg (the K-value). 

 pkom-E'q.(S-&) we can determine some reasonable.combination values o)f 

JJ(Q) - Jr(O)j/Fj, Dl/Pl and El/j?,. From these valuesp J(2), J(O), D 2' -E2, 

 and F~ are obtained using above three assumptions. Then, 6 2 dependence of 

 E 2 J'a 2 ) can be calculated and we obtaine e 2 min in which E 2 (& 2 becomes minimum. 

 Some these calculated results are shown in Table IV.' When.E IF I is assumed 

 to be -0.72974 which is the same as the K-values, 0 2 min is equal to 60 0 which 
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 is almost independent of the exchange energy J(9) and J(O)- When E /Fl 

  -0.~M7, the situation is almost- the same as the: aboiv.e case., These, 0 2 
min 

  are qu:Lte equal to the experimental val-net () Th = 66 0+ 4 o" On the mther 

  hand, if El/Fj= -1.595, 9 2 min larRely depends on the exchange energy and 

  it increases as the exchange energy does. When J(2) -1 J(O)= 2~OEM X 10-15 erg 

0 

  which is obtained using the K-values, 0 2 
min becomes 53 0 This value 

  is less than the experimentaA valuet 0 Th = 66?~±. 40. I~n- conclusion, the 

  double cone structure is realized theoretically, if some appropriate exchange 

  and crystalline field parameters are assumed. These parametersp of cause, 

  restricted within some values.
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§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 - 660 _+ 40. Thi s 

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 respectively and directly from only the 6-ray countings. 

But this technique n*eeds, at least, one isotope which emits appropriate 

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

                                        160 Fi
g-.1 The abbreviated decay scheme of the Tb nuclei. 

                                    160 Pi
g.2 Thea-ray energy spectrum of the TV nuclei measured with & 2 in. 

    X 2 in. MaI(Tl) scintillation counter. 

Fig.3 The relation between the direction of the moment and the N&I(Tl), 

     scintillation counter for the conical structure. The former is represented 

    as (0(,Y ) and the latter as I is the angle between the both.. -

Fig.4 The calculated variation$of the ~-ray anisotropies of the Tb 160 nuclei 

     in the conical structure of the Er(a3.8 &f.%)-Tb(l6.2 at.%) alloy versus 

     the semi-cone angle at T=O K 

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

         (b) for the 300 KeV peaks. 

-Fig.5 The calculated variation~of the Y-ray anisotropies of the Tbl&O nuclei 

    in various directions of a counter and structures of the Y(31.4 at.%)-

    Tb(6a.6 at.%) alloy versus temperature 

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

        OY for the 300 KeV peaks. 

                                       192 Pi.g.6' The abbreviated decay scheme of the Ir. nuclei. 

                                     192 Fi
g.7! The y-ray energy spectrumtof the rr" nuclei.measured vi-th a 2 in.. 

    X 2 in. Nal(TI) scintIllati-on: counter. 

FTg.8' The calculated values of the W-ray anisotropke,s of the Ir 192 nucle:L 

     in~the ferromagnetic structure of the Fe-O.;.3 at.% Ir alloy for 470 KeV, peaks 

           (a), versus temperatures and 

          (b) versus angles betweenspins and a counter. 

Fig.9 Magnetizationeurves-of the Y(31.4 at.%)-Tb.(6a.6 at_.%).&Iloy at 4.2-'K. 

    An applied field is parallel to the easy axis of the alloy, namely to. the 

     b-axls-. 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 
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    5 Me (&~~the field increasesp much less than thatin the first run) 

    and 4 Me (as the field decreasest the same as the first run),*, 

Fig.10 The temperature dependence af the magnetic moment of the Y(31A 

   &t,%)-Tb(68.6. at.%) alloy under an applied field (10 Me). which is 

    parallel to the b-axis. In the first run as-temperature rises a - I.arge. 

    jump of the magnetization occurs near!20 K but in.a. returncycle there 

    is no such jump. 

Fig.11 Temperature dependence of the tyansitIon field of the Y(31.4 a+..%)-

    Tb(68),.6 at.%) alloy determined by the magnetiz&tion measurements-,. 

    In the first run the-transttion,field (as the field increases) becomes 

    rapidly higher as the. temperature becomes-lower. 

Fig.12' The calculated ar-ray anisotropi-es of the TbI60 nuclei in 

    conical structure of the Er.(a3.8 a-t,.%)-Tb(I-6.2 at.%) alloy at 40 MK 

    and measured ~'-ray anisotropies 

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

        M for 300 KeV peaks. 

    Prom this-figuTe the semi-cone angle of- thLs alloy is determined that. 

     Tb = 660± 40'.
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                           Table captions. 

 I Y-ray transition properties of Tb 16'0 and Iri 192 nuclei. 

 II(a) ncperimental results of the Y(31.4 at.%)-Tb(6a.6 at.%) alloy. 

  O=X/2 means that an axis of the NaI(TI) scintillatkonicounter is 

  parallel to the b-axis of the alloy and 0=0 means that is parallel 

  to the c-ixis of the alloy. Tr is the temperature which is obtained 

  from the measured Y-ray anisotropies, I exp P and Fig.5 ,~ assuming 

  the magnetic s . tructure is spiral. T-X i-& 

  the temperature obtained from the susceptibility measurements afAhe 

  demagnetized alum. 

II(b) Experimental , results of the Er(83.8; at.%)-Tb(16.2 wt.%) alloy. 

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

  anisotropies and Fig.12. 

III' ftchange and crystalline field parameters for Er and Tb ions 

 in each metals calculated by Kasuya 19) E"(0) and E/(Q) are related 

                                vo -0  with exchange paremeters. 2 4 and Vi are crystalline field 

 parameters and crystalline field energy E(O) is written as following; 
                      -0 -

                v! P, ((_Os 0) 1 vo P4 ftos&) f P (f_C)S 
                                      4 6 

 v 0 v 0 and 0 are functions of latt:Lce constants.   2 4 V6 

IV Calculated results of the semi-cone angle 6 2 min with various 

  exchange and crystalline field parameters. Experimental results is 

          0 0  e 

Tb 6ro + 4 
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Table - r

'd-ray energy transition:type transition

nucle Ltt
(KeV) pro,bability u 2 ui:

1312*9, 3z--~13 1 *2 2.-T5 1/4G,

1272,0 3 1 ~A2 >- 2 7&'54'
1 xtoa

1200.0' S--'-> 3 )12 3-00a 1/40,

Th ISO
117801 2- 2 13.22 -1/30-~

1115-.0 3 - 3 04, 2.25- 1/9a

309r,,S- 3 2 1)3 GAG~ 1/15-

2986. 5 3 2 --L> 2 26-87- -1/30,

468.3, 4-l-> 4 --2--> 2 4S -00 -17/784 -1/490

Prl 192
484.6' 4 1 :~Fa--L*2 3.43 -5/184 3/490

Table II

(a) Y(31.4

. (b)

at.%)-Tb(68.6 at.%) alloy.

8 higher than 1.1 MeV 300 Kov TX(mK)

I(ovs) T r(mK) I(ole) TX(M-Q

11/2 1.070 57 ± 10 1.131 29 ± 4 ?0) ± I

0 0.946 30 ± 12 0.903 24 ± 6 28 ±.2

r,,r(83.8 at.ep)-Tb(16 .2 at.c,f.,) alloy.

a higher than 1. 1 MeV 1 300 KeV T,(mK)

I(a Tb' 0) E) Tb I(o Tb"') E) Tb

It/2 0.979 6e± e 0.971 6(~t 4* 44:t 2

0 1.037 6e± 30 1.071 67"'± 30 4012 0

A



Table III

paTaumetcr
uni t

ion

Tb Er

El ( 9) - F-I (0)

1.381 X 10-16 erg

15.1

El (0) 24.8

10-15 erg

2.084

J(O)* 3.424

i(Q)* 5-508

70-2

10-15 erg

9.77 -4.20

VO4 -0.818 -0.618

voa
-0.101 0.775

v 02 -0.0580 -0.0683

0V
4

-0.0730 -0.0655

0V
6 0.280 0.233

*)These values are calculated from ~t(Q)- e(o) 

        Table rV

and El (0) .

%Ivl D 1 IF I D 2 E 2 62 min

-1.5948

l.'042 -0.1460 0.3098

-1.4633

32

2.085 -2.1647 4.5952 53

4.170 -6.2002 13.162 58 a

-0.7974

1.042 -1.7463 3.7069

-0.7315

60 a

2.085 ~-3.76 50 7.9924 60 0

4.170 -7.8004 16.5592 66"

-0.3987

2.085 -4.5650 9.6907

-0.3657

6 f

4.170 -8.6005 18.258 617

In all 

Units

case)IF =0.775, 1 

of i(Q)-J(O),

 F 2 IFf -0. 1317 

Fl,D,-aud E 2 are

and 

all

J(Q)/J(O)=5.5084/3.4237. 
   -15 

10 ergo
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