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    The Mossbauer effect of Fe (OH)2 was measured in paramagnetic and antiferromagnetic 
 region (4.2°K). At 90°K, quadrupole splitting 1/2e2qQ and isomer shift S were observed to be 

 3.00 mm/sec and 1.25 mm/sec respectively. 
     As for the spectrum at 4.2°K, four resonance lines were observed in contrast with usual 

 six lines splitting. This spectrum is interpretable in terms of a uniaxial electric field gradient 
 and a magnetic hyperfine field perpendicular to the axis of electric field. 

    An excellent agreement of experimental hyperfine spectrum with calculated one was ob-
 tained by assuming X= —0.75, where a, is the ratio of the quadrupole interaction energy to 
 the Zeeman one. 

    The derived values of magnetic hyperfine field, 1/2e2gQ and S are 200 KOe, 3.06 mm/sec 
 and 1.48 mm/sec respectively at 4.2°K. In consideration of the crystal structure of Fe (OH)2, 

 which is a hexagonal layer structure of Cdlz type, spin axis of Fe(OH)2 was concluded to be 
 in the c-plane. 

                          I. INTRODUCTION 

   A group of hydroxides of divalent transition metals, such as Mn(OH)2, Fe(OH)2, 

/3-Co(OH)2, and Ni(OH)2, have the same layer structure of CdI2 type. The crystal 
structure of Fe(OH)2 is shown schematically in Fig. 1. This structure consists 

of the sheets of metal ions separated by two layers of OH ions. Metal ions 

at octahedral site of OH ions form a hexagonal lattice in a plane normal to the 

c-axis. The distance of metal ions between adjacent layers is much longer than 

`r---`^ 

     mi ::::"® 
                                           ao= 3.258 A 

              1Co= 4.605 A 

                         Fig. 1. Crystal structure of Fe(OH)2. 
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that of them within a layer. Therefore, the magnetic properties of these com-

pounds are expected to be different from a normal antiferromagnetic substance. 
For example, R-Co(OH)21,2) and Ni(OH)21"3' have been reported to show the meta-
magnetic properties by the authors. 

   However, research for the magnetic properties of them has been scarcely re-

ported mainly because of difficulties in sample preparation. These hydroxides of 
divalent ions are apt to change into the oxides or hydroxides of trivalent ions in air. 
Moreover, it is actually difficult to prepare the sample of large particle size. Par-
ticles of Fe(OH)2 have the strongest tendency of oxidation among these compounds. 

   The authors prepared satisfactorily pure sample in nitrogen atmosphere free 
from oxygen. In the present paper, experimental results of the Mossbauer meas-
urement are described and the magnetic properties of Fe(OH)2 are discussed. 

              II. EXPERIMENTAL PROCEDURE AND RESULTS 

A. Sample Preparation 

   Fe(OH)2 easily changes into oxide or oxyhydrate such as Fe304 or a, is, `Y— 
FeOOH by oxidation. Therefore, it is necessary to keep the sample free from 
oxygen during the preparation and measurements. 

   Ferrous hydroxide was obtained by adding the aqueous solution of alkaline to 
the aqueous solution of FeSO4.7H20. Aqueous solution of alkaline and FeSO4•7H2O 
free from oxygen were obtained as follows. As shown in Fig. 2, glass vessel-A 

  N2N2 

       ~I Nf 

                    '!~.__~~~ ....~' 

Fe*OH 

Fe(OH)20Fe(OH)2 

A CB 

             Fig. 2. Schematic illustration of sample prepraration system of 
                 Fe(OH2) in the nitrogen atmosphere. 

contains 5N-NaOH solution and vessel-B 1N-FeSO4.7H20 solution. In vessel-A and 

B, aqueous solutions, which contained a little amount of Fe(OH)2 obtained by the 

addition of alkaline or ferrous solution, were bubbled by nitrogen gas free from 

oxygen. In this way, oxygen molecules solved in solution were spent in oxidation 

of Fe(OH)2. Solutions of the same volume in vessel-A and B were transferred into 

the vessel-C by gas pressure of nitrogen and could be mixed in the atmosphere 

free from oxygen. The suspended solution of colloidal Fe(OH)2 was stirred at 
70°C for 7 hours to obtain large particles. The sample whose color was white 

was sealed and transferred into the dry box of nitrogen atmosphere. The sam- 
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                    Fig. 3. X-ray diffraction pattern of Fe(OH)2. 

ples for x-ray diffraction and Mossbauer measurements were sealed by cello-

phane tape. The X-ray diffraction pattern measured using Fe-Ku radiation shows 
that the sample is Fe(OH)2 and no extra lines exists except broad one due to the 

cellophane tape. (see Fig. 3) Particle size is obviouly larger than 0.1 A. 

B. Measurements of Mossbauer Effect and Results 

Mossbauer absorption spectra were measured using the TMC commercial set 

(Gammascope Model 102, Drive Unit Model 305 and Transducer Model 306) opera-
ting in time mode. The source was Co" . doped in Cu metal and kept at room 

XI04counts 

••at 90°K 
• 

• • 

15.0-• •• 

• • 

1 I I I I I I I I I I 1  

X 104 counts 
28.0-_ 

 O••O:•(me•••••O•::;••Oa, 
••••• •

•• •
at 4.2°K                                        • 

27.5-• •••- 

••• 
 ••• 

• 

270'1 I I I I I I I I I I I   —4 —3 —2 —1 0 I 2 3 4 5 6 78 

mm/sec 

                Fig. 4. Mossbauer spectra of Fe(OH)2 at 90°K and 4.2°K. 
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temperature. The velocity was calibrated using iron and stainless steel foils as 

standard absorbers. Here, isomer shift is represented in comparison with the ab-

sorption of stainless steel (conventional origin). 
   The measurements were carried out between room temperature and 90°K, and 

at 4.2°K. Figure 4 shows the spectra measured at 90°K and 4.2°K. At the tem-

perature of 90°K the quadrupole splitting and isomer shift were derived to be 3.00 
mm/sec and 1.25 mm/sec. No appreciable change of  these values was observed in 

the spectrum of the temperature above 90°K. 

   The spectrum at 4.2°K consists of four absorption lines in contrast with usual 

six lines splitting observed in magnetically ordered state. The magnetic suscep-
tibility was measured and represented a sharp maximum at about 34°K. The 

anomaly in the susceptibility should be originated from the magnetic transition ; 

therefore the spectrum at 4.2°K must be interpreted as the hyperfine structure 

due to the magnetic and electric quadrupole interactions. 

              III. DISCUSSION OF THE MOSSBAUER SPECTRA 

   In the paramagnetic region, the magnetic hyperfine field does not exist. There-

fore, only the electric field gradient acts on the excited state of Fe57 nuclei. 

   In consideration of the crystal structure of Fe(OH)2, the asymmetric factor 

of the electric field gradient is thought to be zero and the observed splitting 3.00 

mm/sec is due to 1/2e2qQ. 
   The large value of the quadrupole splitting is reasonable in consideration of 

the influence due to the aspherical 3d electron of Fe2+ ion. In the obtained spec-

trum, there was not found any absorption due to Fe3+ ion ; therefore the sample 
was proved to be sufficiently pure. The value of isomer shift, 1.25mm/sec, is very 

close to that of completely ionic Fe2+ ion according to the Walker's analysis. As 

the spectrum at the paramagnetic region has a doublet of equal intensity, the 

effect of preferred orientation of particles and anisotropic Mossbauer fraction was 

neglected in the following discussion. 

   In the antiferromagnetic state, the magnetic hyperfine field no longer averages 

to zero. The Hamiltonian of the nuclear spin for the excited state (I-3/2) is 

given by 

He==ge~NHI ± e2gQ 512-(3cos0--1)(3Iz2—I(I I-1))                  2I(2I-14 

3 
4sinO•cosO(Iz(I++I_)(I++I_)Iz}(1) 

3 sin20(I+2--I_2).    8
, 

where 0 is the angle between the direction of magnetic field and the axis of elec-
tric field gradient and z is taken to be parallel to the direction of electron spin. 

   As for the ground state, the Hamiltonian is given by 

H9 = ggLNH (I-2)(2) 
In the expression of (1) and (2) g, and g9 are gyromagnetic ratio of the excited 
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and ground state and the values of them are ---0.100 and +0.180 respectively. 

   In order to obtain the hyperfine splitting of the excited state, the seqular de-

terminant equation is necessary to be solved. 

H,b Eb or H(rC \:=E%C1(3) 
IC2 C2j 

_..C3IC3 
C4/ l C4 , 

where 0 is expressed by the linear combination of2>, 2 /'2>and-/ 
that is 

       -C->+CZ2~1C3—2~IC42~(4) 
and the coefficient C, must satisfy the following equation, 

4 EC'2= 1.(5) 
i=1 

   The seqular determinant equation (3) has been solved by Parker's') numerical 

method.Using his results, it is possible to obtain the energy levels of excited 

state for the parameter B and x, where x is the ratio of quadrupole interaction 
energy to Zeeman one, that is 

  x=e2gQ/2I(2I-1)(6) 
           gewNH- 

   The energy levels corresponding to the experimentally obtained spectrum were 

looked for with changing 0 and x as parameters and the best fit was found in case 

of 0-90° and x-- -0.75. Figure 5 shows the energy levels of the excited and ground 

         uNH1/60gQ 

          0.2- 2.0 

          0.1- I.0 

I=3/2 0.0-0.0             -011M--1 0 
-0 .2—2 0 

                                    0 -R I -R-' 0 

JJNH 
0.1I I/2> 

1=1/2 0.0- 

                                   -0 . 1 

                 0 -a l -A' 0 

        Fig. 5. Energy level diagram of Fe57 excited state for 9=90° as a function 
           of X. Here X is the ratio of quadrupole interaction energy to Zeeman 
           one. 0 is the angle between magnetic field axis and electric field axis. 
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           Fig. 6. X dependence of the Mdssbauer transition energies for 0=90 

state for 0=90°. The number of possible Mdssbauer transitions between ground 
and excited state is eight in contrast with six of usual case, because the levels of 
the excited state are no longer pure ones. In this case some of eight absorption 
lines approach to each other and nearly four absorption groups can be formed as 
shown in Fig. 6. 

   To confirm the assignment of transitions and enegry levels mentioned above, 
transition intensity must be calculated. Therefore, the eigen functions for 0=90°, 
x= —0.75, were calculated by using equation (1), (3), (4) and (5). For x= —0.75, the cal-
culated eigen functions and energy levels are shown with the Mdssbauer transi-
tions in Fig. 7. In the same figure, the dotted lines shows the forbidden transition 
specially in pure state (x=0). 

   The relative intensity') of gamma magnetic transition from initial state 1 E_> 

              Sri 0.234)NH, 0.961-3/2> +0.271 '/2> 10 3/20.057uNH, 0.841-%2>+0.5513/2> 

                                mmimiimmi -0.134yINH,0.961 /2>-0.271-3/2>                                               -0 .157,uNH,0.8413/2>-0.551-1/2>                                                
I 1 

                                      T 1 

I 
Ti Tz T3 Ta0.09JJNH, I I/2> 

I=72 

I TN T6 TT Te 0.09,uNH, 1-1/2> 

         Fig. 7. Energy levels for the ground and excited state and Mdssbauer 
             transition of Fe" for X=-0.75 and 0=90°. Also shown are the calcu-

             lated eigen function for each levels. 
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to final state !Ef> are shown for polycrystalline samples : 

    2
2/+a1i2L~IbMEJEtl~,(7) 

M where xmag is the reduced current matrix element and constant for all transitions 

and 

bMEfEs E (--1)mr <mf I Ef)* <ms E1> mf, M, —ms)•(8) 
mfms 

In equation (8), <mf I Ef) is coefficient in the expansion of mixed state I Ef) in 

pure state I ifmf) and identical with the coefficient in equation (4) and (jf, 1, j,; 
mf, M, —mt) is the Clebsh-Gardan coefficient. When initial state is pure, equation 

(7) becomes simple form ; 

2---- l xmag IZE <mf I Ef)2 (if, 1, jt ; mf, M, —mt)2. (7') 
2/+1 

mf 

In the case of Fe" Mossbauer transition, the values of 1, jf and jt must be replaced 

by 1, 3/2 and 1/2 respectively. 

   From equation (7'), relative intensity can be calculated for each transition at 
—0.75 using the eigen functions of Fig. 7. In Table 1, the values of calculated 

absorption energies and relative intensities are shown for x= —0.75. The sign T,, 

T2•.., T8 is the same as those shown in Fig. 7 and velocity was normalized so that 

the energy separation between T, and T8 was in accord with the experimental 

value, 7.73 mm/sec. 

         Table 1. Relative intensity and absorption energies calculated from eigen 
             functions and energy levels of Fig. 7. 

                                        Energy Separation 
              Relative Intensityfrom TaVelocity mm/sec 

X p,NH 

T,0.4050.569—1.85 

    T20.3090.5481.58 

    T30.1000.3920.58 

    T40.1730.3680.88 

T50.2670.3571.02 

    T60.0120.1803.42 

    T70.2340.1773.45 

Ta0.47005.88 

   By assuming that each transition has a Lorentz type function, a theoretical 

spectra is obtained for x= —0.75 as shown in Fig. 8. In the same figure, the broken 
lines show the Lorentz shape of each transition with half width, 0.4 mm/sec. By 

summing up them, the theoretical spectrum was obtained as shown by the solid 
line. Open circles represent the value of experiment. The agreement of experi- 
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          Fig. 8. Comparison of experimental data with the calculated spectrum 
              using the value of Table 1. Theoretical spectrum for X= —0.75 was 

              obtained by summarizing each Lorentz shape of absorption with half 
              width 0.4 mm/sec. 

mental spectrum with calculated one is much satisfactory. 

   Using the value of the energy separation between T1 and T8 and X= —0.75, we 

can obtain 200 KOe for the magnetic hyperfine field, 3.06 mm/sec for 1/2e2qQ and 
1.48 mm/sec for isomer shift. In the analysis of the Mossbauer spectrum at 4.2°K, 

it was assumed that asymmetric factor n is negligible. This assumption was 

verified to be valid due to the excellent agreement of experimental spectrum 

with calculated one. In consideration of the crystal structure of Fe(OH)2, it can be 

concluded that the electric field gradient is parallel to the c-axis and therefore 

spin axis of Fe(OH)2 lies in the c-plane. 

                           IV. CONCLUSION 

Mossbauer effect of Fe(OH)2 was studied in the antiferromagnetic and para-
magnetic region. 

   The four lines splitting at 4.2°K was analyzed by the Parker's calculation and 

assignment of energy level was achieved. The magnetic hyperfine field, quadru-

pole splitting and isomer shift of Fe(OH)2 at 4.2°K were derived as 200 KOe, 3.06 
mm/sec and 1.48 mm/sec respectively. 

   The spin easy axis of Fe(OH)2 at 4.2°K could be concluded to be perpendicular 

to the c-axis because the electric field gradient is perpendicular to the spin axis. 

   In the paramagnetic region, 1/2e2qQ and 8 were 3.00 mm/sec and 1.25 mm/sec 
and the temperature dependence of 1/2e2qQ was very small. 
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