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                                   ABSTRACT

        The ferromagnetic resonance absorptien and the magnetization were measured on
     twe natural single crysta! sarnples of Ti.Mg.Fe3-,.-.Oq ferrites (m==O.52, n=O.075,
     the Curie point==1250C; and m= O.50, n==O.072, the-Curie point= 1350C), frem room
     temperature to -1950C. Each saturation magnetization obtained from magnetization
     measurement showed a broad maximum similar to those of N6e!'s P-type ferrites. The
     effective g-value and the magnetocrystalline anisotrepy constant were obtained from
     resonance absorption experiments at the frequency of 25,700Mc/sec. Each effective
     g-value showed a remarkable temperature dependence, corresponding to the above-
     mentioned feature of the magnetization. The magnetocrystalline anisotropy constant
     (first erder anisotropy constant) changed with temperature in a somewhat similar
     manner to the rnagnetite, in agreement with the data on the ;nagnetization. The
     anisotrepy constant of ene sample changed its sign at -1550C and that of the other
     at -1330C, and the direction of easy magnetization changed from the [1 1 1] to [1 O O]

     direction with the decrease of temperature. These phenomena are discussed.

1. Introduction

    Various investigations on ferromagnetic ferrites have been reported in recent

years, and few ferrites (1-v5) are known to show any low temperature transition of

magnetocrystalllne aRisotropy or any rernarkable temperature dependence of the g-value

observed in m2crowave absorption experiment.

    In the present paper are reported the results of microwave resonance absorption

experimeRts and magnetization measurements on two natural single crystal samples

of Ti.,MgnFe3-.tsn04 ferrites (m=O.51, n= O.075, the Curie point==1250C ; and m ==O.50,

n=:O.072, the Curie point =1350C)*'{` of spinel type structure, as summarized ln the

following.

    (1) Each first order anisotropy constant changed its sign at a certain low tem-

perature, which might be a kind of low temperature transitlon.

   * Read before the annual meetings of the Physical Society of Japan, Oct., l9, 1957 and Oct.,

    16, 1958. .  ** By spectral analysis, and other compenents such as Al, Cu, Mn and Si were negligible.
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    (2) The g-value obtained from the ferromagnetic resonance absorption experiment

increased continuously wlth the decrease of temperature, between room temperature

aRd the temperature at which the anisotropy constant changed its sign, thus showiRg

a remarkable temperature dependence.

    (3) A broad maximum of the saturation magnetization was observed at low
temperatures'i`. This is similar in peculiarity to the ferrites of the general formula:

Nii.s-aMnaFeTio.s04 (O.4<a<O.675) knowR as Neel's P-type ferrites (6,7). The •

details of these features will be described in hg3.

2. Experirnental arrangement and samples

    The method of measuring the resonance absorption was in principle the same as

those (1,9) reported by many authors. The sample was mounted in a rectangular

resonant cavity driven in the TEio2 mode and connected with a wave guide magic T

bridge. Themicyowave frequency used was about 25,700Mc/sec. The externai static

magnetic field was applied normal to the wide face of the wave guide and orthogonal

to the r-f magnetic field. The cavity was thermally insttlated from the rest of the

wave guide system. A thermocouple was soldered on the cavity, for measuring the

temperature.

    The sarnples were prepared as follows. The sample Ne.1 was cut in the (11O)

plane from a single crystal specimen of the Curie point 1250C and shaped into an

ellipse about O.024cm thick, of the major axis about O.18cm long and the minor axis

about O.llcm. The sample No. 2 was cut in the (1OO) plane froma single crysta!

specimen of the Curie point 1350C, to be about O.041cm thick and of the major axis

about O.18cm long and the minor axis about O.O13cm. The X-ray investigation
showed that, in the sample No. 1, the direction of the mcajor axis coincided with the

[1 1 O] direction of the crystal and the cut plane made an angle oÅí O.087 radians with

the crystal plane (11O). And in No. 2, the cut plane made an angle of O.087 radians

with the crysta! plane (1OO) and the crystal axis [100] was in the sample plane,

making an angle of 450 with the major axis. The errors of the value of the first order

anisotropy consÅíant due to negiecting these errors in the cut plane inclination did

not exceed about 39o/. The demagnetizing f`ftctors were calculated by the method of

    The field intensity was rneasured by using both a proton metey and a fiuxmeter

calibrated by it.

   * Read in part before the annual meeting ef the Physical Society ef Japan, Oct., 19, 1957.
    Recently, S. Akimoto, T, Katsura and M. Yoshida have reported that they found a particular
    mode of thermomagnetic curve similar to N6el's P-type ferrite with some specimens of
    synthetic polycrystals of titanomagnetites as so}id solutiens (reference 8).
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    A magnetic torsion balance (Xl) was used for the measurement of the magneti-

zation*.

3. Experiraental results

    a. Magnetic resonance
    The first order anisotropy constant was observed to change its sign at a low

temperature. The crystailine anisotropy constant K, and the effective g-value were

calculated from results of resonance absorption experiment by using the value of

saturation magnetization obtained by the measurement of magnetization, while the

second oyder anisotropy constant K2 was neglected, since it was suthciently small as

compared with Ki and was within the error of the experiment. The observation of

resonance absorption was carried out continuously changing the temperature from the

liquid nitrogen temperature to room temperature.

    The absorption on a sample showed that the absorption was very broad near

liquid nitrogen temperature, and especially in the [11O] and [111] directions, the

absorption changed according to both the intensity and the duration of the magnetic

field previously applied to the sarnple. However, in the absorption of the sample

which passed through such a process as follows, the above change almost disappeared

and 'the measured results became steady and reproducib}e. Our results were obtained

in this way.

    The samples were cooled from room temperature to liquid nitrogen temperature

in the magnetic field of 11,OOO-v12,OOO oersteds. After cooling, they were kept in

the field of about le,OOO oersteds from liquid nitrogen temperature to a temperature

about 400C higher than the transition temperature of K,ptSa` (-1100C in the sample

No. 1 and -leOOC in the sample No. 2) except for the case when the field strength

was decreased for the observation of resonance. Further, the resonance was observed

with the field strength decreasing, because of the low permeability of the specimen.

The analysis of results was limited from room temperature to a temperature near the

transition temperature of Ki, since the resonance absorption became very broad and

moreover a second order deformation of crystal structure might be expected below

the transition temperature of Ki. The absorption was measured by observiRg the

relative absorption, i.e. the change in the power P. refiected from the cavity on

   * The iused silica was used. The temperature was measured by a thermocouple set near the
    position of the sample. For the correction, the simultaneous measurements ef the tem-
    peratures at this position and at the position of the sample were also carried out. The
    character of the magnetization measuring apparatus was tested to be good for the purpose
    by using a thin nickel plate of O.O04 cm thick.
  ** The temperature at whieh Ki changes its sign is called the transition temperature of Ki
    in the following.
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resonance, with the incident power Pi maintcained constant. It gives

information of the line breadth. The effective g-value and the

caiculated from the following expressions (1), (2a), (2b), (3a) and (3b)

the general formula (12) of resonance condition and corrected with

inclination errors mentioned in bR2.

    When a sample is an eilipsoidal ferromagnetic body whose

x, y, 2-axes, the resonance angular frequency di in the case of

given by

           ca == r{[Hg+(N. cos2e+Na sin2e-Ar. sin20-

                    Å~ [Hs+(N.-N. sin2fi-N. cos2e+Ns)M]}i!2

             also qualitative

          value of K! were

               derived from

              respect to the

          principal axes are

          cubic symmetry is

N. cos2e + Ng)M]

                       (1)
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  under appropriate conditions. Here, the coordinate system (e, op,c) is obtained by

  the rotation tkrough the angle e round the y-axis (y!-i!:op), and Hg is the external

  static magnetic field, the other quantities being usua! ones (13,14).

      For a samp}e whose (iOO) plane is para!lel to the (60 plane, by neglecting K2

  which is small as compared with K,, Ng and Arg are given by

                           Ng == (K,/M2) cos 4rP, (2a)
                           Ng =(-g +S cos 4Åë)K,/M2, (2b)

  where (P is the ang}e between g-axis and [100] direction. If the (1IQ) plane is

  parallel to the (eq) plane, we have

                       N2. == (2-sin2Åë-3sin22b)K,/M2, (3a)

  and Ns == 2(1-2sin2Åë--g- sin2 2Åë)K,/A42. (3b)

  When the' (8c) plane makes a small angle with either of the (100) and (110)

  planes, the resonance condition differs from the expression (1).
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    The samPle ,IVo. 1

    In this case, the saraple was cut in the (11O) plane. The magnetic absorption

was observed mainly in the [1OO], [11O] and [111] directions, applying the external

static magnetic field paraliel respectively to these directions and perpendicular to the

r-f magnetic fie!d parallel to the (11O) plane.

    Fig.Ishows the relative absorption at room ternperature in the [1OO] and [111]

directions. Table I gives the average values of effective g-va!ue and Ki at room

temperature. Fig. 2 shows the resonance field at room temperature as a function of

crystal orientation. Åë is the angle between the [100] direction and the external

static fie!d, The field strength at resonance decreased continuously with the decrease

in temperature, se that the effective g-value becarne large at Iow temperature. . This

phenomenon is parallel to the change of magnetization versus temperature. The curve

A in Fig. 4 represents the ternperature dependence of the effective g-value calculated

from the experimental results. The increasing tendency of the effective g-value

becomes distinct around the temperature where the magnetization stops increasing

(cÅí Fig. 9). The curve A in Fig. 5 shows the value of Ki vers"s temperature,

calculated Åírom the experimental results. From th2s, it is recognized that the first

order anisotropy constant changes its

sign at about -1550C ancl consequentiy Table ll.
                                      ptthe dlrection of easy magnetization

changes.

    With the decrease in temperature,

the absorptiofi became broad as shown

in Figs. 1 and 6. This phenomenon
corresponds to the decrease in perme-

ability at low temperature. At about

-1600C, the absorption became very

broad and the effective g-value showed

the decreasing tendency also. These

might be associated with a kind of low

temperature traRsitiQn.

    The va}ues of Ki and effective

g-value are given iR Table IL

    The sample No. 2

    The sarnple No. 2 was cut in the

main}y in the [100] and [110]
150 with the [1OO] direction in the

Temperature (OC)

- 157

- 155

- 148

-i40
- 133

-323
-115
- 100

- 85
- 79
- 72
- 54
- 42
- 19

geff

i,ilii'il ,ii'

I<, (10` ergslcc)

+2.05
-O.03

-4.94

-4.75

-3.73

-3.12

-2.86

-2.58

-2.37

-2.07

-2.11

-1.61

-1.47

-1.08

(1 O O) plane.

directions and

  (1 O O) plane.

Magnetic absorption was observed

the direction making an angle of
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                 Fig. 6. Absorptien curves in the [100] direction of the
                        sample No. 1 at -1520C and -1000C.

                                '
    In thls case, the external static magnetic field was applied parallel to tke (1OO)

plane and norma! to the r-f magnetic field paraliel to the (1OO) plane.

    The experimeRtal results were essentially the same as those with the sanaple

No. 1. The ternperature dependence of the effective g-value was similar to that of

the sample No. 1, and the first order anisotropy constant K, changed its sign at a

low temperature as iR the sample Ne. 1.

    Fig. 3 shows the experlmental value of the resonance field as a function of the

crystal orientation. ip is the angle between the external static magnetic field and the

[100] direction. The effective g-value is plotted as a function of temperature in

the curve B of Fig. 4. The curve B in Fig. 5 gives the value of Ki as a function

oÅí temperature, showing that K, changes its sigft at about -1330C. The increasing

tendency of Ki is remarkable in the figure at temperatures near the transition tem-

perature of Ki, but the curve becomes fiat at lower temperatures, under the assumption

that the crystal is still cubic below -1520C, though the value of Ki was Rot plotted

for the reason rnentioned above.

    The value of Ki and the effectlve g-value are 11sted in Tables I and III.

    The results obtained from the resonance absorption experiment on the sample
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No. 2 agreed with those on the samPle Table m.
No. 1 in main features. In the sample

No. 2, the ternperature at which an

anomaly starts in the resonance broad-

ness and the decrease of effective g-

value was by about 150C lower than
the transition temperature of Ki, while

in the sample No. 1, the corresponding

temperature almost agreed with the
transition temperature of Ki, thus the

anomaly temperatures of the two sam-

ples being near together. This differ-

ence may be induced by any difference

ln coRdition oE crystallization, though

contents of their main components are

Bot the same.

    b. Magneti2ation

    The experimental results of

It was studied whether the feature of

displayed by magnetite (a5,16,17)

magnetization in various fields and the

field as well as in zero field. The

temperatures was not similar to that of

ferrite; namely the curve of '
broad maximttm.

g-value in the resonance absorption

are described in the following.

    TI2e samPle No. 1

    The magnetization curves in Fig.

changes from the [111] to [1OO]
anisotropy constant K, was calculated

temperatures near and above the
calculated from the difference between

tained from the magnetization curves.

-1800C, on the assumptien that the

249

Temperature ("c)

- 142

-139
- 135

-132
- 125

-li8
- 103

- 89
- 69
- 57
- 45
- 33
- 21
- 10

geff Ki (10` ergs/cc)

iliiil

i

+512
+3.48

+1.24
-O.48

-2.79

-3.38

-2.86

-2.59

-2.20

-2.01

-182
-1.62

-1.46

-1.33

                                             g

                                measurement of magnetization showed a fall of

magnetization and a change in the direction of easy magnetization at low temperatures.

                                     the fall of magnetization is the same as that

                                   or not. We observed the warming curve of
                                      magnetization curve after cooling in strong

                                 result showed that the fall of magnetization at low

                                    magnetite but similar to that of Neel's P-type

                            saturation magnetization versus temperature showed a

                 This property co!-responds to the increasing tendency of the effective

                                   at low temperatures. The experimental results

                                 7 show that the direction of easy magnetization

                               direction at low temperatures*. The valtte of the

                                 by using results of the resonance absorption at

                              transition temperature of Ki. However, Ki was

                                   the energies required for magnetization ob-

                                   The value was of the order of 105 erg/cc at

                                crystal has a cubic symmetry,

* A simple observation was made for ascertaining the change of the direction of easy
 magnetization: a sample placed in magnetic field rotated at low temperatures with tem-
 perature decrease, which corresponds to the change of the direction of easy magnetization.
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    The saturation magnetization was determined by using a nickel plate* as the

standard. The value of saturation magnetization** at room temperature was 95 cgs.

The curve A in Fig. 9 represents a temperature dependence of rnagnetization in the

[1OO] direction of the sample No. 1. This is a warming curve in which the vaiue

of magnetization was measured in the field of 8,OOO oersteds after cooling in the field

of l2,OOO oersteds in the [1OO] direction from yoom temperature to liquid nitrogen

temperature. This curve can be regarded to show the curve of saturation magneti-

zation versus temperature as shown in the discussion later. The curve A in Fig. 10

shows a warming curve of magnetization in the [111] direction in the field oÅí 7,200

oersteds. From these results, it can be supposed that the values of magnetization
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      -20G -180 -160 -140 -l20 -100 --80 --60 -40 -20• e 20
                                      Temperature (ec)
       Fig. 9. Warming curves in the [100] direction of the samples No. 1 and No, 2
              after cooling in field of 11,OOO oersteds parallel to [100].

in various directions of the crystal almost coincide with each other in such strong

fields, in spite of the influence of crystalline'anisotropy, etc. The magnetization

curves in Fig. 11 were obtained after cooling from room temperature to liquid nitrogen

temperature in the field of 11,OOO oersteds in the [100] direction. The values at

-- 1900C were obtained by decreasing the field strength and the values at -1800C

by increasing the fidld strefigth from zero. in either case, the magnetizatlon took the

nearly saturated value in the field of about 3,OOO oersteds. Therefore, it is resonable

to regard the fall of magnetization as that of the saturation magnetization. Besides,

by considering the magnitization curves in Figs. 7 and 11, it is concluded that the

magnetization in Fig. 9 represents the value of saturation magnetization.

   * The nickel content being 99.60/o.
  ** From this measurement, the value per gramme is known, and the value per unit volume
    is calculated, using the density determined from lattice constant of pure titanomagnetite,
    since the errer seerns to be within about 10/o (reference S8).
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    The ternperature dependence of saturation moment (per gramme) is represented

by a smooth curve as shown in Fig. 13, so the crystal is evidently of suthciently

stable single phase (k8, i9, 20).

    Tlze samPle IVo. 2

    The magnetizati'on was observed ln the [1 O O] and [1 1 O] directions. The magneti-

zation curves in Fig. 8 show that the direction of easy magnetization changes as in

the sample No. 1. The energy difference obtained from- the magnetization curves

gives a}so the value of the order of 105 erg/cc at -i850C, on the same assumption

as with the sample No. 1.

    The value of 'saturation magnetization at room temperature was 98 cgs. A warm-

ing curve of the m. agnetization in the [1OO] direction is shown in Fig. 9. The value

of magnetization was obtained in the field of 9,OOO oersteds after ceoling in the field

of ll,OOO oersteds in the [1OO] direction. The temperature at which the magneti-

zation begins to fall is higher than that of the sample No. 1. A warming curve of

magnetization in the [11O] direction is shown in Fig. Ie. From the curves in Fig.8

and the magnetization curve in Fig. 12 which was obtained after cooling in the field

of 6,400 oersteds, it is evident that the curve B in Fig. 9 shows that of saturation

magnetization versus temperature. The temperature dependence of saturation moment

is also quite similar to that of the sample No. 1. Thus the features of the sample

No. 2 are essentia{ly the same as those of the sampie No. 1.
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Fig. 10. Warrning curves in the [111] direction of the
        sarnple No. 1 and in the IIIIe] direction of
        the sample l o. 2.
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4. Discttssion of results

    The structure of the specimens is of spinei type, and their directioR of easy

magnetization changed from the [111] to [100] direction as shown in Fig. 5, in

accordance with the results of measurement of magnetization. This phenomenon is

somewhat sirnilar to that of magnetite. !n magnetite, the data by Bickford (1) show

that the transition temperature of the crystalline anisotropy is by about 120C lower

than the temperature at which the first order anisotropy constant changes its sign.
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Besides, a sudden fall of the magnetization and the other anomalies are observed

around the transition temperature (15, 16, 17, 21,22). In the present specimens, how-

ever, such a clear sudden fall as observed ln magnetite could not be found, though

an anomaly in magnetic resonance absorption was observed as described in bR3. The

phenomena in magnetite are related to the ordered arrangement of ferrous and ferric

ions in octahedral lattice sites (21,23). But it is not accepted that sucha mechanism

might contribute to interpreting the phenomena in the present case, since plausibly

Fe3+ ions as a srnall content of metal ions and Fe2+ ions as a large content exist

together in octahedral lattice sites. Then, titanium ions might play an important role

in the present phenomena from a structural point of view.

Si,oo

'i

L.,vD-o'vpm-o-e-

1

              -200 -1oo -120 -eo -40 O 40 80 120
                                Temperature (QC)

              Fig. 13. Saturation magnetization verstes temperature of the
                     sample No. 1.

    We try an explanation for the increase of effective g-value with the decrease of

temperature by using the formula derived by Wangsness (24) and others (6,25).

Now, at OOK, the effective g-value is given by

                 g.ff = (Z' gAiSAi-:tE]" gB,SB,)/(tt''SAi-=t'SB,), (4)

where SAi and SBi are respectively the resuitant electron spin quantum numbers of

an individual ion in A sites (tetrahedral sites) and B sites (octahedral sites). In

order to evaluate g.ff as a function of temperature, SAi and SBi in (4) are replaced

by SAiBAi and SBiBBi, where BAi, BBi are Brillouin functions.

    Then, for simplifying the problem, we consider titanomagnetites, where the

configuration of titanium ions governs the magnetization, though magnesium ions of
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small content might play a particular role. If the Ti`+ ions are assumed to occupy

aiways B sites, for m;,i.ir..,O.5 the configuration of Ti,.Fe3-.04 can be given by

                          Fe>3i2.Fe3,".-(Fe3#,,Tist)OZ-

                 with the saturation moment (2-2m)txB, (26,27)

where the ions in the bracket occupy B sites. As Neel (26) pointed out, however,

the experimental facts are not suMciently existing to support this formula.

    A calculation of g.ff using Tio.,Fe,.,O, as an approximation is carried out on the •

assumption that the configuration is represented by the above formula. Now, Fe3+

ions occupy A sites only and Fe2'i' ions B sites only. The atomic ground state of

Fe3+ ion is 6S and that of Fe2+ ion 5D. So it is reasonable that gA is 2. When bcrB

is 2.2, g.ff becomes 3.2 from (4), because SA is 5/2 and SB is 2. If the effective

g-Value at the temperature at which K, changes its sign is equal to that at OOK,

this value almost agrees with the experirnental value of the sample No. 2. A trial

calculation of g.ff and the magnetization cas functioRs oÅí temperature for Tio.sFe2.s04

was carried out by using the above values of g's and Brillouin functions in the case

Of SA =5/2 and SB==2, adjusting the parameters such that the effective g-value and

the magnetization take the values near the experimental values. It could explain

qualitatively the experimental results. However, since the Åíormula for g.ff is an

approximate one and the parameters mentioned above are obtained by the measurement

of susceptibility at high temperatures (7), we will not go further into the discussion

Of geff. The decrease of the effective g-value may be another problem consideying

                             t"it as an anomaly.

    From the above-mentioned formula, the saturation moment at OOK is evaluated by

assuming the formu}a [TiiFe3-iO,],m.[MgFe20,]. for T!.Mg.Fe3um,.-n04. If [MgFe204]

has the formula [Fe3+(Mg2-'Fe3+)Okl, the calculated saturation moment at OOK is

O•83ptB for the specimen No. 1 and O.86ptB for the specimen No. 2. These values

show good agreement with the values O.81 ptB and O.83 ptB for the specimens No• 1

and No. 2 at OOK respectively as estimated from the curves in Fig• 9.

    Toe broadness of the absorptioR is evidently related to the low permeabi}ity,

though it may also be due to other causes.

    For a rnore exact explanation of the above phenomena, we need other measure-

ments at low temperatures, i.e., measurements of electrical conductivities, specific

heat and etc., and also X-ray study at low temperatures.
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