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    The MOssbauer absorption spectra of some iron compounds have been observed using 
 the 14.4 keV gamma-ray photons of "Fe. The quadrupole effect and isomer shift of FeSO4 

•7H2O have been measured.The internal magnetic field in Fe2B has also been estimated. 
 The effect of spin flopping at the Morin temperature has been confirmed for normal a-

 Fe203 (>1000A). The absorption spectra of ultra-fine a-Fe2O3 particles (about 50A and 150A) 
 have been observed at 120°K and 300°K, and no Morin transition has been found above 
 at least 120°K with such ultra-fine particles. The spectrum of the particles of 50A taken 
 at 120°K showed six-line splitting, while at 300°K showed only two lines. This phenomenon 

 may be explained by a motional narrowing due to the rapid relaxation of antiferromagnetic 
 spins compared with the nuclear Larmor precession (---10-e sec). The critical volume of 

 particles and critical temperature for this transition have been found to be between 50A 
 and 150A at 300°K and between 120°K and 300°K for particles of 50A, respectively. It has 
 also been found that for ultra-fine particles the recoilless fraction would decrease from that 
 obtained with larger particles. Three iron oxyhydrate isomers, a-, 3- and 7-FeOOH, were 

 also used as absorbers and the following facts have been found : the Neel temperature for 
a-FeOOH may be close to 400°K and that for 0-FeOOH may lie between 110°K and 300°K, 

 while 7-FeOOH is paramagnetic above at least 110°K. 

                          I. INTRODUCTION 

   When a free nucleus ofmass M, decays from an excited state to the 
stable ground state by emission of gamma rays, it recoils with kinetic energy 
R=Eo2/2Mc2, where E0 is the energy of the nuclear transition. Consequently, 
the emitted gamma-ray photon has an energy Ey=E0—R. As the necessary 
condition for the resonance absorption of the gamma rays in another nucleus 
of the same kind it is required to compeneate for the recoil energy loss by, 
for example, high-speed rotation or thermal agitation. But, in the case where 
a nucleus is bounded tightly in a solid it cannot receive the recoil energy and 
the gamma-ray energy emitted is equal to the entire transition energy.This 

phenomenon is known as the recoilless resonance absorption and emission of 
gamma rays named "Mdssbauer effect". This effect happened to be discover-
ed by MOssbauern in 1957 when he was investigating the nuclear resonance 
scattering of the 129-keV gamma rays from 1971Ir. 

   Later, the discovery of the Mdssbauer effect in 67Fe excited many workers' 
interests owing to its very large size ; its persistence up to temperatures of 
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        over 1000°C and the very narrow line width. Especially, the extremely narrow 
        line width provided possibilities, such as the measurement of the red shift of 

        photons and the nuclear Zeeman effect, which were till then thought to be 
        impossible. In the present  day, various precise studies are being performed 

       in the field of solid state physics. 

            We have recently performed a series of the Mossbauer measurements with 

         some iron compounds in powder form using G7Fe as a gamma-ray source, with 
        an intention to obtain some information about their internal structure of solid 

        state physical interest. In the present paper all aspects of our work are re-

        ported comprehensively. 
           In Chap. II a survey of the basic theory is treated and in the following 

        chapter some details of the experimental apparatus are described. The iron 

        compound samples examined by the present work are divided into four groups. 

        As the first step of the work metallic iron and stainless steel foils have been 
        used as the test materials in order to check the experimental apparatus and 

        procedure to be adopted being satisfactory. The second group of materials 
        studied are FeSO4 7H2O, Fe2B and normal (ordinary size) a-Fe203, for which we 

        obtained some information on the internal magnetic field, isomer shift and 

        quadrupole splitting. 
            On the magnetic properties of ultra-fine powders many researches have so 

        far been published since the development of the theoretical studies by Frenkel 

        and Dorfman2 , and Nee13'. However, since only few studies on it by the 

        method of the Mossbauer effect have been reported, in our work the Mossbauer 
        spectra of very fine particles of a-Fe203 were observed. By such observations 

        we could obtain some interesting information such as on the Morin transition 

        and internal field in a-Fe203 itself and motional narrowing of fine particles. 

           As the fourth group of iron compounds to be studied we adopted three 

        isomers of iron oxyhydrates, a-, Q- and r-Fe0OH. On the internal structure of 

        these three isomers some information has been obtained by the Mossbauer 

        technique. The results obtained with these various iron compounds and some 

        discussion are given in Chap. IV. 

                                    II. THEORY 

II.1. Recoilless Fraction 

           Here the probability that the Mossbauer effect takes place, that is, the re-

        coilless fraction will be treated. Now consider that the nucleus of an atom 

        which is embedded in a solid emits or absorbs a gamma ray. The energy re-

        quired for the nucleus to leave a lattice site is at least of the order of 10 eV. 
        The recoil energy R, however, never exceeds a few tenths of an eV. Then, the 

        nucleus cannot acquire translational energy. The energy that goes into motion 

        of the entire solid is extremely small as neglected. The nuclear transition en-

        ergy is thus shared between the gamma ray and the phonons (lattice vibra-

        tions). The Mossbauer transition occurs if the state of the lattice remains 

        unchanged and the gamma ray gets the entire transition energy. 
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   The state of the lattice can be specified by a set of quantum numbers {ns} 

expressing the lattice vibration. The probability P({nsr}, {n81}) describing the 

transition in which a gamma ray of momentum AK is emitted by a nucleus 

whose center-of-mass coordinate is XL, while the lattice goes from a state 

specified by quantum numbers {ns9} to a state specified by quantum numbers 

{nsr} can be expressed by" 

P({nsr}, {22s8}) = f ({nsr}l exp(iK•XL) I {nt}) 12. 

Therefore, the recoilless fraction is 

P({ns}, {ns}) = I ({ns}lexp(iK•XL) {TO) 12. (1) 

   Let us assume that the interatomic forces are harmonic. The result of 

the averaging is that each na can be replaced by its average value ns at thermal 
equilibrium ; 

ns =1/ (ekws/kT —1) , 

where WJS is the frequency of the lattice vibration for the s-mode. And, more-

over, we adopt the Debye model in which a density of lattice modes is pro-

portional to rOs2. Now, Eq. (1) becomes 

                           3E02 (1( T \2/e/T xdx) P({ns},-(n,}) =explM c2a. 4+,0lJOex-1(2) 

From this result, it is found that when the recoil energy R=E02/2Mc2 is small, 
Debye temperature 0 is high and the ambient temperature T is low, the 
Mossbauer fraction is large. 

II.2. Line Shape 

   The resonance absorption spectrum in the Mossbauer effect does not show 
the natural line width, but the broadening due to finite absorber thickness. 
Visscher5 found that if emission and absorption lines have Lorentzian shapes 
of width I' and no splitting, the overlap curve will be a Lorentzian but will 
show an apparent width I'app given by the following relations : 

T'ap1,/T'=2.00+0.27T, 0<T<5 ;
(3) l a1)P/1 =2.02+0.29T —0.005T2, 4<T<10. 

Here T is the effective absorber thickness and can be given by 

T =fn aco t,(4) 

where f is the fraction of gamma rays absorbed without energy loss given by 
Eq. (2), n the number of atoms per cubic centimeter, a the fractional abundance 
of the resonantly absorbing atoms, Co the absorption cross section at resonance, 
and t the absorber thickness. 

1I.3. Isomer Shift 

   This effect arises from the shift of the nuclear energy levels due to the 
electrostatic interaction between the nuclear charge and the electronic charge 
within the nuclear volume. A shift can only be seen if the two nuclear states 
involved have different radii in two atomic systems which have different elec-
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          tronic wave functions at the nucleus of charge Ze. According to the calcula-

          tion of surface charge modelo, the transition energy between two levels B and 

          A becomes 

E0' = E0 +4EB — QE.4 = E0 + (2/3) irZe31 db (0)12C<Rn2> -- <Rn2 >). 

          Then, we find for the isomer shift between the emitter e and the absorber a, 

=Ea'—Ee' = (2/3)lrZe2C<RB2> — <R112>){I¢(0)a12— (0)e 121, (5) 

          where <RA2> and <RR > are the root-mean-square radii in the nuclear states 

         A and B, respectively. 10(0)a12 and 10(0)e12 indicate the probability density of 
          electrons at r=0, i. e., at the nucleus concerned in the absorber and emitter, 

          respectively. Therefore, the shift 8 provides the useful information on the 

          effective radii of nuclei and the electronic states of solids. 

I1.4. Line Splitting 

             Extranuclear fields can remove degeneracy of nuclear levels by interacting 
          with a nucleus, and split the absorption spectrum into components. These 

          splittings caused by magnetic and electric hyperfine interactions are extremely 

          important for the investigation of solid-state properties. Here two main in-

          teractions will be treated. 

             (i) Magnetic dipole interaction. The magnetic moment of the nucleus p7 

         can interact with a magnetic field H which may be an externally applied field 

         or a local effective field due to unpaired electrons in the atom and its neigh-

         bours. In the presence of the field the spatial degeneracy of the nuclear spin 
         I is removed and each nuclear level splits into its (2I+1) components. The 

         energy shift of the sub-state m is then 

4.E= — mg1H,(6) 

         where g1 is the nuclear gyromagnetic ratio ii/I, and the direction of H has 

         been taken as the axis of quantization O,, and a separation between each sub-

         state level is 

d = u1H/I.(7) 

             The ground-state spins and moments can be measured with conventional 

         techniques, so that the magnetic moment of the excited state and the internal 

         magnetic field can be both determined. 

             (ii) Electric quadrupole interacton. The nucleus has generally the elec-
         tric quadrupole moment, due to its deformation from spherical symmetry. 

         This moment can interact with the local electric field gradient. The Hamilton-
         ian describing this quadrupole coupling H= — Q • pE is derived, for ° example, by 

Abragam7,&, where Q is the nuclear quadrupole moment and pE the electric 

         field gradient at the nuclear site. According to his result, when a crystal has 

          an axis of symmetry, the sub-states are characterized by a definite m(=I,.) 
         value and the states of ±m are degenerate. The energy shifts are then given 

        by 

                      4I(2-----------1)C3ni2—I(I+1)),(8) 
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where eq=OE,  az • 
   Next the case of mixed magnetic dipole and electric quadrupole interactions 

will be discussed. On most occasions it is sufficient to consider the quadrupole 

coupling as a perturbation, since the effect is usually much smaller than the 

splitting produced by an internal effective magnetic field. Abragam7>3' has given 

the first-order correction to the energies of the m states in the case of axially 

symmetrical crystal as 

                   e
2IC3m2—I(I+1)J(3cos20-1),(9) 

where 0 is the angle between Q and yE. 

III. EXPERIMENTAL APPARATUS 

III.1. Source Preparation 

   In the present work the recoilless resonance emission and absorption have 

been observed using the 14.4-keV Ml transition line from the first excited level 

of a7Fe formed by the electron capture decay of "Co ; the decay scheme is 

shown in Fig. 1. 
                                    "Co

7'/2570 keV 

ECIT°27o day ) 
5/2137 keV 

91% 

                       3/214 .4 keV (T° 1.4X10-7 sac ) 
I/2 MI MI 0 

67Fe 
                           Fig. 1. Decay scheme of "Co. 

   The source wasprepared by electroplating 31Co in a carrier-free o7CoC12 
solution onto a paradium plate, 0.1 mm thick and 15 mm in diameter, for about 
fifty hours. The "Co source co-plated with paradium was used from a reason 
that it gives the unsplit emission line being very sharp97. After plating, this 
source was annealed for two hours at about 850°C in a hydrogen atomosphere 
to diffuse u7Co atoms uniformly into paradium plate. The activity of the source 

was estimated to be about 0.5 mC. 

III.2. Absorber 

   In the present experiment ten kinds of the samples to be examined were 

used as the absorbers. Three of them were commercially available stainless 
steel foil, Fe powder and FeSO4.7H20 powder. Powder of Fe2B was prepared 

by melting a mixture of Fe and B powders at 1500°C. a-Fe203 was obtained by 
the calcination of a-FeOOH. Since it is known that when the calcination tem-

perature becomes higher the particle size of a-Fe203 produced grows larger, we 
could obtain its powders of three different sizes by changing temperature for 
calcination ; a-Fe203 of normal size (>1000A), ultra fine particles with sizes of 
about 50A and 150A. The samples of a-, R- and r-FeOOH were all prepared by 
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Professor T. Takada and his co-workers in our Institute. Details of the sample 

preparation of these isomers will be reported by them elsewhere. 
   The optimum thickness of all absorbers used was chosen to be about 10 mg 

/cm2 of iron equivalent thickness, with the same number of iron atoms per 
cm2, from a reason that, as understood from Eq. (3), when the absorber is very 
thin a quantity of the resonance absorption would be small and when very 

thick the resonance absorption spectrum would be broader. Throughout the 

work the absorber was placed just midway between the source and detector 

being mounted apart about 10 cm each other. 

III.3. Measuring System 

   The experimental arrangement used in the present work is shown schemati-

cally in Fig. 2. The detection of the Mossbauer transmission is accomplished 

by measuring the intensity of the transmitted gamma rays as a function of the 

velocity with which the gamma-ray source is moved relative to the absorber. 

A relative velocity v with respect to the absorber produces a Doppler shift 

(v/c)Eo in the gamma-ray emission line, where E0 is the gamma-ray energy. 
The velocity v is defined as positive if the source moves toward the absorber. 

                     SOURCE 

         SPEAKER///Nal(TU CRYSTAL 
   —"!TIME-TO-T M C 

         'H0T0-O.IULSE -                        PRE-AMP. —h'-3-->--) 400-CH.                   MUPI.AMP .LINEARP,SINH.A.-CH.P.H.A.                 -
-a',\\

`1                                                                   CONVERTER                    ABSORBER 

                                          H.V. 
                          SUPPLY 

GATE SAWTOOTH 

RCSIGNAL WAVE 

            OSCIL-

             LATOR 

I  

            TRIGGER DELAYSYNCRO PULSES TO TRIGGER SAWTOOTH 
           CIRCUITCIRCUITTHE SAWTOOTH WAVEmGENERATOR 

               Fig. 2. Block diagram of the experimental arrangement. 

   The source was vibrated sinusoidally by mounting it on the top of a quartz 

pipe of about one cm in diameter cemented to the voice coil of a loudspeaker, 
which was driven sinusoidally at 30 cps, with a peak-to-peak amplitude of 

about one mm, by means of the RC oscillator device. 

   The transmitted gamma rays through the absorber were observed by a 

thin NaI(T1) scintillator crystal, 0.5 mm thick and 25 inm in diameter, mounted 

on a Toshiba 7696 photomultiplier tube. The output pulses from this scintilla-
tion probe were fed to a single-channel pulse-height analyzer via a linear am-

plifier to select the 14.4-keV gamma ray. Since the long-term stability of the 
detector system was necessitated inevitably for the present measurement, it 

was checked at times during the course of the work by observing the scintil-

lation spectrum of gamma rays from s'Co. 
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   On the other hand, the output pulses from the single-channel analyzer 
were modulated by the sawtooth waves in a time-to-pulse-height converter. 

The sawtooth waves were obtained by the bootstrap circuit and could be trig-

gered only by the signals synchronized with the output frequency from the RC 
oscillator. By this device, pulse-height of the modulated outputs from the 

time-to-pulse-height converter could be proportional to the instantaneous source 

velocity at the time of emission of the corresponding gamma rays. The spec-
trum of modulated pulses can easily be observed by the use of a multi-channel 

pulse-height analyzer, for which we used a TMC 400-channel analyzer. The 
resonance spectrum was thus recorded as a function of the relative velocity 

between the source and absorber. 

   In the experiment using a voice coil of a speaker as the vibrator for the 

source, it is, in general, rather difficult to measure directly the instantaneous 

source velocity. In our work, six lines of metallic iron and a single line of 
stainless steel in the Mossbauer absorption spectra were observed in order to 

use positions of these lines as calibrations for the determination of the source 
velocity. For these the absolute velocities of the source have been exactly 

known from the results of other workers'°>11v. 

   For measurements at liquid-nitrogen temperature the absorber was cooled 

using a cryostat as shown in Fig. 3. The temperature of the absorber was 

measured to an accuracy of ±5°C by the use of a Cu-AuCo thermocouple screw-
ed to the frame holding the absorber. To prevent water drops from dropping 

onto the source, the speaker was housed in a box made of styrofoam. 

,--DETECTOR 

                                         Cu COOLING PLATESTYROFOAM 

                             ABSORBER                    SOURCE pg 
QUARTZ 3%e 

                                 SPEAKER 

                                  DEWAR VESSEL =LIQ. Ng 

0 3 6 CM 'S 

             Fig. 3. Construction of the cryostat for cooling the absorber. 

  IV. APPLICATION TO SOME IRON COMPOUNDS : RESULTS AND DISCUSSIONS 

   IV.1. Metallic Iron 

   This ferromagnetic material has an internal magnetic field, so that the 

Zeeman effect will be expected and the nuclear levels involved may split into 
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          components. The . spins of the ground and first excited states of 57Fe are 1/2 
          and 3/2, respectively. In the case where an unsplit source line and an un-

          magnetized absorber are used, the relative intensities of six absorption lines 

          and the distances between them have been given theoretically8,10), as shown 

           in Fig. 4. 

       -3/233 
-1/2 

I/2 al..
,:de22                                    3/2

I/2 I 1 2 3 4 5 6 
                           -1/2II I A°C. ee e. ~ e. 

lAo-Gel 
               Fig. 4. Level diagram of "Fe. The numbers 1, 2, ......, 6 represent the pealc positions 

                from the left side of the Mossbauer absorption spectrum. The right-hand diagram 
                gives the relative intensities of six absorption lines (shown as the numbers 1, 2, 3) 

                and the spacings between them in the case with an unsplit source and an unmagnetiz-
                 ed absorber. 

             The result of our observation is shown in Fig. 5. It is noted that the re-

          lative intensity ratio of these six lines we observed are 2.5 : 1.6 : 1.0 : 1.0 : 2.0: 

          2.5, somewhat different from the theoretical value shown in Fig. 4. This dis-

          crepancy may be explained as being due to the background estimation and 
          some characteristics of the detector system used. On this point no further 

          study was performed, since the metallic iron absorber was adopted only with 

          a purpose of using its six lines as calibrations for the source velocity, as des-

          cribed in the preceding chapter. 

                                                   Fe METAL 
4.6 - 300°K 

4.5• 
• • 

UJ 
                                     I- 4.4 -

                            z 
                           0 
0 4.3 - 

                     -6 -4 -2 0 2 4 6 

                                               VELOCITY (mm/sec) 

                   Fig. 5. Mossbauer absorption spectrum in a metallic iron absorber at 300°K. 

             IV.2. Stainless Steel 

             Stainless steel is a paramagnetic material having no internal magnetic 

          field. It is also known to have a cubic lattice structure, in which the electric 

          field gradient does not exist. The Mossbauer absorption spectrum is, there-

          fore, very simple with only one peak. In Fig. 6 is shown the spectrum ob-

          tained. This line was also used as a calibration line for the source velocity. 
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                            4.0 

                                                                                                                                      • •o_ 
X• 

N 

z 3.9 

oSTAINLESS 
STEEL 
300°K 

3.8               -6 -4 -2 0 2 4 6 

                                   VELOCITY (m m/sec) 

      Fig. 6. Mossbauer absorption spectrum in a stainless steel absorber at 300°K. 

   IV.3. FeSO4.7112O 

   This iron compound is also paramagnetic and does not show the Zeeman 

splitting. However, a Fe2+ ion of FeSO4.7H2O has the 3d wave function of °D-

state being lower symmetry, and the quadrupole effect should be expected. 

From Eq. (8) it is known that in the ground state e=0 and the first excited 

level splits into following two components : 

e(±3/2) =e2gQ/4,
(10)                     e(±1/2) = -e29Q/4. f 

The levels of the absorber, the relative intensities of the absorption lines and 

distances between them are shown in Fig. 7. 

3/2 
                            --EI 3/2 ----------E 

                                        tl/2 

i 2 
1/2------ ---" 

                                                             2E 

  Fig. 7. Level diagram of "Fe bound in FeSO4.7H2O. This diagram illustrates the 
    electric quadrupole splitting. Right : the relative intensities of the absorption lines 

    and the spacing between them in the case with an unsplit source and an unmagntiz-
    ed absorber. 

                               1.8 - 

      X 

• 

                        E-1L7 -                Z 

C) FeSO4•7HQO 
300°K 

1.6 -
              -6 -4 -2 0 2 4 6 

                                   VELOCITY (mm/sec) 

            Fig. 8. Mossbauer absorption spectrum in FeSO4•7H2O at 300°K. 
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   The observed spectrum showed two absorption lines as shown in Fig. 8. 

The intensity ratio of these two lines is about 1 : 1. The quadrupole shift dE 

and isomer shift 8 obtained from the observed spectrum are 

dE=e(±3/2) —e(±1/2) =e2gQ/2=3.26±0.1 mm/sec, 

8=1.67±0.1 mm/sec. 

These values obtained agree considerably with the other experimental values, 

dE=3.20±0.05 mm/sec and 5=1.40±0.05 mm/sec at room temperature, which 

have been reported by DeBenedetti et at.12). However, our value of 8 larger by 
about 17% than that obtained by them may probably be due to the slight shift 

of the spectrum caused by the instability of the detector system or by fluctua-

tion of the amplitude of vibration of the source during the measurement with 

this FeSO4•7H2O absorber. 

   IV.4. Fe2B 

   This ferromagnetic material shows the line splitting and gives six lines 

as in the case with an metallic iron absorber. When no quadrupole effect 
exists, separations between the absorption lines 1 and 2, 2 and 3, 4 and 5, and 5 

and 6 should be equal, as shown in Fig. 4. However, in this case, as shown 

in Fig. 9, values of these separations observed were not equal but 1.54±0.13, 

1.65±0.16, 1.75±0.10, and 1.71±0.10 mm/sec, respectively. Taking account of 

the quadrupole effect, the level diagram of G7Fe can be given as shown in Fig. 

10. Since the spacings between the absorption lines 1 and 6, si,6, and 2 and 5, 

Fe26 -,9 .9"300°K 

v9.8-

  H• 
9.7

.• 
               0 U 

                               9.6 - 

              -6 -4 -2 0 2 4 6 

                                   VELOCITY (mm/sec) 

               Fig. 9. MSssbauer absorption spectrum in FezB at 300°K. 

-3/2-------------- .._{E33 
-1/2. ----------2E22 ---------Ij~~ 

3/2---------- t•M_EI I 

1/2 ---------------II 2 3 4 5 6 

             'I/2 ----------'__11~I de { do 1 
do-2E Ws-4oi de+2E 

  Fig. 10. Level diagram of 57Fe when boththe magnetic hyperfine splitting and the 
    quadrupole interaction exist. Right : the relative intensities of the absorption lines 

    and the spacings between them in the case with an unsplit source and an unmagnetiz-
    ed absorber. 
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S2,6, are 3dc — do I and I de — do I , respectively, independent of the existence of the 

quadrupole effect, from Eq. (7) the following relation can be given : 

S1,6 (Fe2B) _ S2,6 (Fe2B) —He (Fe2B) (11) S
1,6(Fe) S2,6(Fe)H,(Fe) . 

Using this relation and our observations shown in Figs. 5 and 9 as well as 
adopting the value of the internal magnetic field at the iron nucleus as H2(Fe) 
=333±10 kOe101, Hi(Fe2B) could be determined as H1(Fe2B) =245±15 kOe. 

   Now, the differences between S1,2 and S6i6 can be given to be equal to 4e, 
as shown in Fig. 10. From our measurement 4e could be determined : 4e =0.17 
mm/sec. As the present case involves the mixed interaction, for 57Fe Eq. (9) 
becomes 

                  e(±3/2) =e°8Q(3 cos2 B-1), 
e2gQ(12)                     e(fl/2)=—8(3cos20-1). 

When 0=0°,  Eq. (12) will be Eq. (10) and 4e = e2gQ = 0.17 mm/sec. 
   When the quadrupole effect exists, the isomer shift 8 can be expressed as 

0= (mid-point of S1i0) —e= (mid-point of S2,5) +E. By the present measurement 
we obtained 8=0.55±0.10 mm/sec. 

   IV.5. Normal a-Fe2O3 (>1000A) 

   As this absorber is antiferromagnetic and has rather lower symmetrical 
crystal structure, the mixed interaction of magnetic dipole and electric quadru-

pole would be expected. 
   It is well known137" that a-Fe2O3 exhibits a weak parasitic ferromagnetism 

above the Morin temperature (-260°K), where the electron spins align per-

pendicular to the 3-fold axis of rhombohedral structure (c-axis), due to the 
slightly canted spins nearly in the basal plane (c-plane), while the ferromagne-
tism disappears below the temperature, where the spins align parallel to the 
c-axis. This spin flopping is called the Morin transition. Since the principal 

axis of the nuclear quadrupole moment Q aligns parallel to the internal magne-
tic field H1 and the electric field gradient pE is parallel to the c-axis due to 
the uni-axial symmetry, 0 in Eq. (12) is 0° above —260°K and 90° below this 

temperature. Then, 

(±3/2) = —e2qQ/8, s(±1/2) =e2gQ/8 at room temperature, (13) 
    e(±3/2) =e29Q/4, e(±1/2) = —e2qQ/4 at low temperature. 

The difference between S1,2 and S6,6 can be given by 

S1,2— S6i6 = 4e= e2gQ/2 at room temperature, (
14) S

1,2 - S6,6 = 4e = — e2gQ at low temperature. J 

   Ono and Ito'o' have recently measured the Mossbauer absorption of a-Fe2O3 
at various temperatures and found the ratio of e at 100°K and at 300°K being 
about —2 : 1. This result is in agreement with that given by Eq. (14). They 
thus confirmed that a hypothesis of the spin flopping at the Morin temperature 
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i 

 i• 
                                                      L , 

300°K 

             -10 -8 -6 -4 -2 0 2 4 6 8 10 
                                         VELOCITY P"Vsec) 

       Fig. 11. MOssbauer absorption spectrum in a normal a-Fe203 (>1000A) 
          absorber at 300°K. 

   3.1 -• 
             NORMAL a-Fe,O3• 
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                                                                                        • O• 4 
• • • 

•                                                                                                           

• 0 0                           2.9 - 

             -10 -8 -6 -4 -2 0 2 4 6 8 10 
                                         VELOCITY (mm/sec) 

       Fig. 12. Mossbauer absorption spectrum in a normal a-Fe203 (>1000A) 
         absorber at 120°K. 

is valid. From our measurements at room temperature (300°K) and at low 
temperature (120°K), as shown in Figs. 11 and 12, we could obtain as 

S1,2 —S5,6=  — 0.85±0.05 mm/sec at 120°K, 
S1,8 — S5,6= 0.40±0.05 mm/sec at 300°K. 

Hence 8(at 120°K)/s(at 300°K) = —2.1±0.3. 

This result also agrees with that derived from Eq. (14) within a limit of ex-

perimental errors. 
   The internal magnetic field in a-Fe203 was obtained, by applying Eq. (11) 

and adopting H1 (Fe) =333 kOe, as 

542+15 kOe at 120°K, 
H~=515±15 kOe at 300°K. 

This value of Hi at 300°K is quite similar to that found by Kistner and Sunyar161. 
The results found by the present measurement are also, within accuracies of 
experimental errors, in good agreement with the temperature dependence ex-

pected from the Brillouin function for S=5/2. 
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   The isomer shifts were also found as 

8=0.52±0.05 mm/sec at 120°K, 
8=0.45±0.05 mm/sec at 300°K. 

The value of 0.45 mm/sec at room temperature well agrees with that of 0.47 
mm/sec reported by Walker et a1.17'. The temperature shift of 0.07 mm/sec 
between at 120°K and at 300°K is about a half compared with a value of (3R/ 
2Mc2)Eo•4T=0.13mm/sec, which corresponds to the second order Doppler shift 
calculated by Pound and Rebka13', where E0 is the 14.4-keV gamma-ray energy, 
R is the gas constant and M is the gram atomic weight of iron. 

   IV.6. Ultra-fine Particles of a-Fe203 

   For an absorber of ultra-fine particles of a-Fe203 we have dealt with two 

problems ; one is the Morin transition and internal magnetic field in a-Fe203 
itself and the other is Mossbauer effect of ultra-fine particles1o). 

   The samples used was prepared by the method described in Sec. III.2. The 

particle size was estimated by observing the broadening of X-ray diffraction 
peaks. 
   When the size of the ferromagnetic or antiferromagnetic particle is very 
small, less than about 100A, the anisotropy energy KV decreases to be com-

parable with hT, where V is the volume of the particle and K is the aniso-
tropy energy per unit volume. In this case, the particle magnetization vector 
becomes unstable by thermal agitation, and it shows the paramagnetic behavior 
as having a large magnetic moment. Such a thermal equilibrium behavior 
has been named "superparamagnetism"30,21). In the paramagnetic state of an-

                    io -

                            Sample A 

                        X5 - 

                                              Sample B 

                                                Normal a-Fe,0, 

0 --------------------------------------------------------- 
0100 200 300 

                                           TEMPERATURE (Os) 
   Fig. 13. Variation with temperature of the antiferromagnetic susceptibility of a-Fe203. 

    The particle sizes of the samples A and B are about 50A and 150A, respectively, 
    while that of the normal sample is >1000A. 
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       tiferromagnetic particles as a-Fe203, each particle has magnetic moments and 
        the magnetic susceptibility increasesY2`21'. 

          The susceptibility of the samples used was measured as a function of tem-

       perature, as shown in Fig. 13. The particle sizes of samples A and B are 
       about 50A and 150A, respectively. Figures 14-47 show the Mossbauer ab-
       sorption spectra obtained with samples A and B at 120°K and 300°K. 

          The spectrum shown in Fig. 14 exhibits two different features from that 
       obtained with normal a-Fe203 at 120°K. One is that the sign of the quadrupole 

       interaction, e, derived from S1,2 .515,6 for the sample A is reversed and a value 
       of e is approximately a half of that for normal a-Fe203 at 120°K. While, as is 

       seen in Fig. 14, the spectrum at 120°K gives a value of e nearly equal to that 
       for normal a-Fe203 at room temperature, 300°K. In regard to e, as can be un-
       derstood from Figs. 16 and 17, the spectra with the sample B at 120°K and 

300°K show similar feature to that with the sample A at 120°K. From this 

•FINE PARTICLES OFa-Fe,O, 
          4.2SAMPLE A               • 120°K• 

o 
x 4.1 -

• 

                                                                                                                                         • I-                           z                                                                                                    

• • 

4.0 -•        1 1J, 1 

                    I$1.2.A $5,8
I               51,2BSs,8 

                      -8 -6 -4 -2 0 2 4 6 8 10 

                                                     VELOCITY ("'"'/sec) 

           Fig. 14. MOssbauer absorption spectrum in sample A of a-Fe203 (^-50A) at 120°K.-A 
             and B show the peak positions of normal a-Fe203 at 120°K and 300°K, respectively. 

St,2 and S5,6 show the separations between line 1 and 2, and 5 and 6, respectively. 
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             Fig. 15. Mossbauer absorption spectrum in sample A of a-Fe2Os (^-50A) at 300°K. 
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    Fig. 16. Mossbauer absorption spectrum in sample B of a-Fe203 ("-150A) at 120°K. 
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    Fig. 17. Mossbauer absorption spectrum in sample B of a-Fe203 (-150A) at 300°K. 

experimental finding it can be concluded that the ultra-fine particles examined 

have no Morin transition above at least 120°K and electron spins lie still in the 

basal plane (c-plane) . 
   The other evidence found is that the internal magnetic fields in samples 

A and B are both slightly smaller than that in the normal size particle. The 

result obtained is given in Table 1. 

   This fact suggests that the molecular field acting on each spin decreases 

in the ultra-fine particles of a-Fe2O3. However, further study should be neces-

sary to get accurate information on the dependence of HE on the particle size. 

                Table 1. Internal magnetic fields in a-Fe203 samples. 

       Sampleat 120°Kat 300°K (lc0e)(lc0e) 

    Sample A (-50A)529±150 

    Sample B (-150A)531±15497±15 

     Normal size (>1000A)542±15515±15 
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   The spectrum of the sample A at 300°K shows only two lines by the qua-
drupole interaction, as shown in Fig. 15. This phenomenon may be explained 
by a motional narrowing due to the rapid relaxation of  antiferromagnetic spins 
compared with the nuclear Larmor precession. In the ultra-fine particles the 
antiferromagnetic spins are fluctuated by themal agitation and its relaxation 
time becomes smaller than the reciprocal of the nuclear Larmor frequency 

(10-8 sec) . By this reason, in this case Fe nucleus is not suffering from the 
internal magnetic field and the Zeeman splitting is not observed. 

   The transition temperature from the six-line- to two-line-spectrum may lie 
between 120°K and 300°K for most of particles in the sample A. The observed 
spread of experimental points in the middle region of the spectrum, as 
shown in Fig. 14, may be caused by a small fraction of the sample particles 
having a rapid relaxation even at 120°K. While, as for the sample B, both 
spectra at 120°K and 300°K have six peaks, as shown in Figs. 16 and 17. It 
can be, therefore, asserted that a critical particle size for this transition should 
be between —50A and —150A at 300°K. 

   The relaxation time of the magnetization vector in a single-domain parti-
cle has been given by Nee135' as 

                 1 =----foexp(—KV/hT), fo=109 sec-'.(15) 
To estimate it, the value of the potential barrier, KV, originated from the 

magnetic anisotropy is necessary to know. In the present case, as the antifer-

romagnetic spins rotate in the basal plane preferentially, one has to treat an 
anisotropy energy in the plane as a potential barrier. The quantitative dis-

cussion on this point is impossible, since a value of the anisotropy constant, 

K, in the plane has not yet been given definitely26' and the volume of the 

particles in the sample used can not also be determined by lack of knowing 
the shape of the particles. 

   It is interesting to note that for a critical relaxation time, rc, correspond-

ing to this transition there would exist a critical temperature for a given 

particle size or a critical particle size for a given temperature, as can be un-
derstood from Eq. (15), where re is believed to be comparable with the recipro-

cal of the Lamor frequency, --10_8 sec. The experiment to obtain a quanti-

tative relation between these values may, therefore, provide an information 

on a value of K. 

   An experiment with the sample A was carried out at some temperatures 

between 120°K and 300°K. It is noted that in the absorption spectrum taken 
at 210°K experimental points were scattered so irregularly that any line could 

not be discriminated. In order to get any definite information on the problem 

of interest further experimental study with more elaborated apparatus and 

technique should be desired. 

   As described in Chap. II, the theoretical derivation of the recoilless frac-

tion is basing upon an assumption that when a nucleus embedded in a solid 

emits or absorbs a gamma-ray photon, a fraction of the nuclear transition 

energy concerned going into motion of the entire solid is extremely small and 
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will he neglected. However, it may be supposed that when the particles of 

the absorber or emitter are very minute this assumption would be invalid 

and the recoilless fraction would be affected by the particle size. From our 

observations of the absorption spectra at 120°K we attempted to measure the 

ratio of the recoilless fractions and obtained a rough value as normal sample 

(>1000A) : sample B(-150A) : sample A(- 50A) =1.0 : 0.96 : 0.52. However, as 
this value is very rough one, it can serve only as an index for the problem 
of our interests. More accurate and careful measurements with the particles 
of various sizes should be necessary. 
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            Fig. 18. Mossbauer absorption spectrum in a-FeOOH at 110°K. 
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            Fig. 19. Mossbauer absorption spectrum in a-FeOOH at 300°K. 
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(315)



                     Takashi NAKAMURA and Sakae SHIMIZU 

0 6Ap5, • • • 
                                                                                                          • XX 

NN 
FF 
    z 

0 5 /3-Fe00Ho 4- Y-FeOOH 
300°K110°K • 

    -6 -4 -2 0 2 4 6-6 -4 -20 2 4 6 

           VELOCITY (mm/sec)VELOCITY (mm/sec) 

 Fig. 21. Mossbaurer absorption spectrum in Fig. 22. Mossbauer absorption spectrum in 
S-Fe00H at 300°K.T-Fe0OH at 110°K. 

                           n
X T 

                                         Y-Fe00H 
300°K 

                                        6 - 

-6 -4 -2 0 2 4 6 
                                          VELOCITY ("/sec) 

             Fig. 23. Mossbauer absorption spectrum in Y-FeOOH at 300°K. 

   The interesting problems on the dependence of isomer shift, internal mag-

netic field and quadrupole interaction upon the particle size are left to be 

studied experimentally in the future. 

   IV.7. a-FeOOH, 19-Fe00H and r-FeOOH 

   The crystal structures of these isomers of iron oxyhydrates have recently 

been disclosed27,20', however, their magnetic properties, especially whether to 

be antiferromagnetic or not, have not yet been established. By means of ob-

serving the Mossbauer absorption spectra we attempted to clarify some obscure 

points with these isomers29). 
   The results of our measurements are shown in Figs. 18-23. The experi-

mental values of internal magnetic field, HE, and isomer shift, 8, obtained are 

    Table 2. Internal magnetic field, H1, and isomer shift, o, of a-, S- and 7-Fe00H. 

       SampleHi(kOe)S(mm/sec) 

a-Fe00H (110°K) 520±150.7 ±0.1 
       (300°K) 360±150.55±0.1 

18-Fe00H (110°K) 490±150.45±0.1 
      (300°K) 00.45±0.1 

T-Fe0OH (110°K) 00.5 ±0.1 
      (300°K) 00.4 ±0.1 
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listed in Table 2. 
   The absorption spectra of a-FeOOH at both 110°K and 300°K, as shown in 

Figs. 18 and 19, showed the six-line splitting due to the antiferromagnetic 
electron spin ordering. It has been shown empirically by Walker et al.17' that 

the Mossbauer effect of tri-valent iron (3d5) in ionic compounds has an in-
ternal magnetic field of 500-550 kOe at 0°K and an isomer shift of 0.5 mm/sec. 

By the present work the values of the internal field and isomer shift in a-
FeOOH were found to be close to the typical values of these in 3d' electronic 
configuration. If the temperature dependence of the internal field corresponds 
to the Brillouin function for S=5/2,  the Neel temperature can be derived to 
be in the vicinity of 400°K. 

   The spectrum of (3-FeOOH showed the six-line splitting at 110°K while only 
a doublet due to the quadrupole effect at 300°K, as shown in Figs. 20 and 21. 
The Neel temperature of it, therefore, should lie between 110°K and 300°K. 

   No line splitting by the internal field was observed in the absorption spec-
tra of r-FeOOH at both 110°K and 300°K. From this fact, this compound is 
believed to be paramagnetic down to 110°K. 

   It is also noted that the isomer shifts in 13- and r-FeOOH are both close to 
the typical value for 3d° configuration, as given in Table 2. 

                           V. SUMMARY 

   The Mossbauer absorption spectra of several iron compounds have been 
observed using G7Fe as a source. Metallic iron and stainless steel were used 
as calibrations for the estimation of the source velocity. 

   The quadrupole effect and isomer shift have been measured with FeSO4 
7H2O which is a paramagnetic salt. From the absorption spectra of Fe2B of 
ferromagnetic nature an intensity of the internal magnetic field has been 
measured. By the observation with normal a-FelO3 (>1000A) it has been con-

firmed that a hypothesis of spin flopping at the Morin temperature is valid. 
   As a result of the observations with the ultra-fine a-Fe203 particles with 

sizes of about 50A and 150A it has been found that the ultra-fine particles 

such as those used in the present work have no Morin transition above at 
least 120°K. The spectrum of the particles of 50A taken at 120°K showed six-
line splitting, while at 300°K showed only two lines. This phenomenon may be 
explained by a motional narrowing due to the rapid relaxation of antifer-
romagnetic spins compared with the nuclear Larmor precession (-10-8 sec). 
The critical volume of particles and critical temperature for this transition 
have been found to be between 50A and 150A at 300°K and between 120°K and 
300°K for particles of 50A, respectively. It has also been found that for the 
ultra-fine particles the recoilless fraction would decrease from that obtained 
with larger particles. 

From the measurements of the Mossbauer absorption with a-, 18- and r-
FeOOH some magnetic properties of these isomers of iron oxyhydrate have 
been disclosed as follows : the Neel temperature for a-FeOOH may be close to 
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400°K and that for j3-FeOOH may lie between 110°K and 300°K, while Y-FeOOH 

 is paramagnetic above at least 110°K. 
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