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Slow and Fast Relaxation in Magnetic Resonance in Ferrimagnetic MnFe204 
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The Mn5B nuclear spin-lattice relaxation time, and the ferromagnetic-resonance linewidth in MnFe204 
have been measured as a function of the temperature. The important features of the data are a peak in 1/Ti 
at 3°K; and two peaks in the ferromagnetic-resonance linewidth at 20° and 210°K, respectively. The low-
temperature phenomena are described in terms of a slow relaxation theory based on the low-lying orbital 
levels of the Fe2+ impurities present; the peak in 1/Ti occurring when COJVT^I and the peak in AH occurring 
when COQT~1 where CON and coo are the nuclear and ferromagnetic resonance frequencies, and r is the relaxa
tion time of the Fe2+ impurities. The high-temperature linewidth is the result of a direct transition (via the 
spin-orbit interaction) between these levels with annihilation of a & = 0 magnon, and becomes appreciable 
when COIT^I where hcci is the separation between the low-lying orbital levels. Analysis of the low- and 
high-temperature data yield consistent values for the level separation, hooi~lO°K, and for the tempera
ture dependence of r. At low temperatures 1/r increases linearly with temperature suggesting a direct 
phonon or magnon relaxation process. Above 150°K, r is limited by the lifetime of the quasifree electron on 
a given Fe ion. 

I. INTRODUCTION 

DURING the past few years a great deal of experi
mental and theoretical work has been done on the 

origin of ferromagnetic-resonance linewidths. The sys
tems most studied are the rare-earth iron garnets1; both 
pure YIG2 and YIG with small amounts of magnetic 
rare-earth impurities substituted for yttrium.3 However, 
some of the results of these studies are considerably 
more general. In particular, one can often discuss the 
ferromagnetic system as a whole in terms of an essen
tially lossless ferromagnetic system (e.g., composed en
tirely of Fe3+ or Mn2+ ions) coupled to a lossy subsidiary 
system (e.g., Fe2+ or magnetic rare-earth impurities). 
In the case of the rare-earth iron garnets this division is 
experimentally evident from the fact that ultrapure 
YIG2 has a linewidth of a few millioersteds at low tem
peratures while YIG with 1% rare-earth impurities may 
have a linewidth of a few hundred oersteds. This kind of 
a separation should be generally valid in view of the 
fact that Mn2+ and Fe3+ have a 3d5 atomic configura
tion. They are thus in an S state with orbital angular 
momentum equal to zero and are expected to have long 
relaxation times. On the other hand, Fe2+ and the mag
netic rare-earth impurities (other than Gd3+ and Eu2+) 
are not S-state ions. The nonzero orbital angular mo
mentum couples these ions strongly to the phonon bath 
and gives relatively short relaxation times. Having made 
the above division one can trace the relaxation process 
in the following steps: 
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(1) A transfer of k=0 spin-wave energy to the lossy 
subsidiary system, 

(2) Subsequent relaxation of the energy from the 
subsidiary system to the lattice. 

The subsidiary system may therefore be thought of as 
kind of a "leak" for energy out of the essentially lossless 
ferromagnetic-spin system. 

Two different, but not necessarily contradictory, theo
ries have been proposed to describe the details of the 
above two-step relaxation process. The first,4 originally 
proposed by Clogston, and recently clarified and applied 
to rare-earth substituted YIG by Van Vleck and 
Orbach5 is known as the "slow relaxation" theory. The 
slow relaxation theory requires that the subsidiary sys
tem have low-lying energy levels which are signifi
cantly populated at the temperature in question; and 
that the splitting between the ground state and first ex
cited state be anisotropic and depend on the orientation 
of the magnetization vector with respect to the crystal 
axes. Under these conditions, as the magnetization vec
tor precesses in a resonance experiment a redistribution 
of the populations in the energy levels of the subsidiary 
system takes place. If the relaxation time r for this re
distribution is such that l/r~co, where co is the preces
sion frequency, an irreversible loss of energy from the 
ferromagnetic system will take place; thereby giving 
linewidth. The second or "fast" relaxation theory was 
originally proposed by de Gennes, Kittel, and Portis6 

with reference to the rare-earth garnets. They assume 
the lifetime of the subsidiary system in the states corres
ponding to the low-lying energy levels described above 
is so short that coir~ 1, where fton is the energy splitting 
between the ground state and first excited state. Under 
these conditions, the levels are sufficiently broad to al-

4 A. M. Clogston, Bell System Tech. J. 34, 739 (1955). 
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low a direct transition in which a k=0 spin wave is an
nihilated and one of the ions of the subsidiary system 
is left in its excited state with subsequent relaxation to 
the lattice. This kind of a theory can clearly be applied 
to other systems; the essential requirements being the 
above condition on r, and an interaction between the 
ferromagnetic and subsidiary systems. I t is to be noted 
that the conditions under which the above two mechan
isms are important are quite different since usually 
co<$Cwi. Thus, in a given ferromagnetic system one might 
expect the slow relaxation theory to be important at 
low temperatures and the fast theory to be important at 
higher temperatures since 1/r is certainly a monotone 
increasing function of the temperature. Recent work3,7 

in the rare-earth iron garnets suggests that the line-
width peaks seen there are caused by slow relaxation, 
and that the system never reaches the condition appro
priate to fast relaxation before it reaches its Curie point. 

In this paper we present evidence for the observation 
of both slow and fast relaxation effects in the same ferro
magnetic system MnFe204 (manganese ferrite). The 
lossy subsidiary system is the concentration of Fe2+ im
purities always present on B sites of the spinel lattice. 
There is experimental evidence of low-lying energy lev
els in MnFe204.8 The levels in question are orbital lev
els, and their separation is determined by a combination 
of the trigonal crystal field splitting and spin-orbit split
ting of the Fe2+ orbital levels in the spinel lattice. The 
important features of the experimental data are a peak 
in 1/Ti at 3°K, where T\ is the Mn55 nuclear spin-
lattice relaxation time, and two peaks in the ferromag
netic-resonance linewidth; one at 14°K and one at 
210°K. The low temperature phenomena are accurately 
described in terms of an application of the slow relax
ation theory; and the higher temperature linewidth peak 
is consistently accounted for in terms of a fast relaxation 
theory appropriate to this system and developed in this 
paper. The results indicate that the separation between 
the low-lying Fe2+ levels in question is 

Awi/£~8°K, 

in rough agreement with the specific heat data.8 The r 
for these levels appears to be limited by direct phonon or 
magnon relaxation at low temperatures, and by the 
hopping of the sixth 3d electron from one Fe ion to the 
next at higher temperatures. 

2. ENERGY LEVELS FOR Fe2+ IN MnFe204 

The energy levels of Fe2+ in the spinel lattice have 
been discussed by Slonczewski.9 We summarize his re
sults here. The important feature of the spinel lattice is 
the existence of two kinds of sites with different point 
symmetry. The tetrahedral or A site is surrounded by a 

7 R. W. Teale and K. Tweedale, Phys. Letters 1, 298 (1962). 
8 B . Low, J. Appl. Phys. 33, 1250 (1963). 
9 J. C. Slonczewski, Phys. Rev. 110, 1341 (1958). J. C. 
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FIG. 1. Schematic energy level diagram for Fe2+ 

on B sites in the spinel lattice. 

regular tetrahedron of oxygen ions, and the octahedral 
or B site is surrounded by an octahedron of oxygen ions. 
However the local symmetry about an octahedral site 
is not cubic but trigonal. In a normal spinel ferrite, the 
cation distribution is (M2+)[¥tz+~]Oi where ( ) indicates 
A sites and [_ ] indicates B sites. An inverse spinel has 
the distribution (Fe3+)[If2+Fe3+]04. Manganese ferrite 
is neither completely normal nor inverse. Neutron dif
fraction studies10 indicate that MnFe204 is about 80% 
normal. 

For an Fe2+ ion on a, B site, the total Hamiltonian 
may be written 

where 5QF is the Hamiltonian of the free ion (without 
spin-orbit energy), 3£c gives the cubic-crystal field split
ting (-^lO4 cm -1), 3Cex is the interatomic exchange en
ergy (^10 3 cm -1), 3Cy is the trigonal crystal field, and 
5Cso is the spin-orbit interaction (^10 2 cm - 1). The free-
ion terms 3CF include intra-atomic exchange so that the 
ground state is described as 5Z>4. This state is split by the 
cubic (octahedral) crystal field such that the lowest or
bital state is a triply degenerate Ts level. Each of the 
three levels within Ts is fivefold spin degenerate as well. 
The interatomic exchange interaction, 3Cex, then re
moves the spin degeneracy leaving as the ground state 
an orbital triplet (r5) with Sz——2 as shown schemati
cally in Fig. 1. This orbital triplet is then split by the 
trigonal field into a doublet and a singlet, and the doub
let is finally split in first-order perturbation theory by 
the longitudinal part of the spin-orbit interaction. The 
sign of the trigonal field determines which is higher in 
energy, the doublet or the singlet. There is evidence, 
both experimental and theoretical,11 that the sign of the 

10 J. M. Hastings and L. M. Corliss, Phys. Rev. 104, 328 (1956). 
11 J. Smit, F. K. Lotgering, and R. P. vonStapele, J. Phys. Soc. 

Japan, 17, Suppl. B-l, 268 (1962). 
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trigonal field is different for the normal and inverse 
spinel structures. This trigonal field arises from three 
separate contributions: (1) the neighboring metallic 
ions (2) the positions of the oxygen ions. (3) the electric 
dipoles of the oxygen ions. The latter two effects have a 
sign opposite to the first; and the sign of the total can 
change depending on which effects are predominant. 
Since manganese ferrite is only 80% normal, there will 
be many B sites which have surroundings partly charac
teristic of the normal structure and partly characteristic 
of the inverse structure. Thus, although the trigonal 
field splitting is typically of the order of 103cm_1 in the 
fully inverse structure, it may be considerably smaller 
for many Fe2+ sites in manganese ferrite. If, in fact, the 
trigonal field splitting is comparable with the spin-orbit 
splitting (~80 cm -1), the interesting possibility arises of 
a pair of low-lying orbital levels split only by a few wave 
numbers, with the next excited state much higher in 
energy. This low-lying pair of energy levels is believed 
to be responsible for the relaxation phenomena described 
in this paper. At a given temperature the relative popu
lations of the two levels is simply the Boltzmann factor. 
The energy splitting in question is clearly anisotropic 
for the spin-orbit splitting will depend on the orientation 
of the magnetization with respect to the crystal axes. 
Thus, when OOT^ 1 a slow relaxation theory is possible. 
One might also expect that the fast relaxation condition 
coir^ 1 could be reached at temperatures lower than the 
Curie point for these are orbital levels and should have 
relatively shorter relaxation times than the exchange 
split spin levels of rare-earth ions in the garnets. 

3. SLOW RELAXATION THEORY FOR MnFe204 

The original slow relaxation theory as derived by 
Clogston4 is directly applicable here for the subsidiary 
system is completely specified by a pair of energy levels. 
The two sublattice complications present in the rare-
earth garnets does not enter into the present problem.5 

From Eq. (3-12) of Clogston's paper we may write 

where E* is the energy of the ith level, n is the number 
of contributing Fe2+ impurities, and Ni* is the equilib
rium population in the ith level. For the two-level sys
tem of the present problem this simplifies to 

C r/dAE\2 /dAE\2-\ 
Aa> = yAH = —\( ) + ( ) 

25fL\ dd ) \dcpJ J 

X — s e c h 2 ) — - , (1) 
kT \2kT/l+(o>T)2 
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where C is the concentration of contribution Fe2+ im
purities and AE—hcoi is the energy splitting between 
the ground state and first excited state. 

4. FAST RELAXATION THEORY FOR MnFe204 

We wish to calculate the rate of energy loss from the 
process in which a k=0 magnon is annihilated, and an 
ion of the Fe2+ subsidiary system undergoes a transition 
from its lowest orbital state with one k=0 magnon in 
the total ferromagnetic system (which includes the Fe2 + 

spins) to its first excited orbital state with no magnons 
present. As described above, the Fe2+ energy levels are 
determined by the influence of the cubic crystal field, 
the interatomic exchange, the trigonal crystal field and 
the longitudinal part of the spin-orbit interaction. De
noting these terms as 3Co- we write the total Hamiltonian 
as 

X 
5C=5C0+5Ciifetime+- £ (Li+Sc+LcSi+). 

2 Fe2+ 

The term 3Ciifetime is that part of the Hamiltonian which 
determines the lifetime of the states corresponding to 
levels 1 and 2 of Fig. 1. This may be an interaction be
tween the orbital angular momentum and the phonon 
bath or, may be the result of the finite lifetime of the 
sixth electron of Fe2+ on a given Fe site. In any case it 
must be sufficiently strong to significantly broaden the 
levels in question and hence is included in the unper
turbed Hamiltonian. L and S are the orbital angular mo
mentum and spin of the Fe2+ ion. This off-diagonal part 
of the spin-orbit coupling is the perturbation which 
causes the transitions in question. We assume for 
simplicity that the exchange coupling to the Fe2+ ions 
is identical to that with the Fe3+. This is equivalent to 
neglecting the effect of the sixth 3d electron on the ex
change interaction and should be a reasonable good ap
proximation especially at high temperatures where this 
electron is relatively free to hop from one Fe site to the 
next. Introducing spin wave variables for Si+ a n d S r : 

the above perturbation takes the form 

\ / S \ 1 / 2 

3C'=-( - ) £ £ ( L + e ^ a j J + L r e - ^ a k ) . 
2\N/ Fe2+ k 

The transition probability is calculated by using the 
golden rule 

W={2>w/fi)pF\Wn'\\ 

where PF is the density of final states and JC^' is the ma
trix element of the perturbing Hamiltonian from the 

AH=-
n r /dE\/JNti 

i L \ MkT do/\ de 
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state with no k=0 spin waves and orbital state 1; to a 
state with n^—l k~0 spin waves and orbital state 2 
leaving all other magnon-occupation numbers constant. 
This matrix element is 

5C^=(\/2)(S/N)^Lno112, 

where L is the matrix element of Lr between orbital 
states 1 and 2. L may differ from its free-ion value due 
to partial quenching of the orbital angular momentum in 
the excited states so we shall leave it as a parameter. 
The density of final states at an energy a> above the 
ground state depends on the broadening of the levels by 
the lifetime r. For a><<Ccoi, 

1 r 

irti 1+(O>IT)2 

where as before coi is the splitting frequency. Substitut
ing in these expressions for p and 5Ci2r one obtains after 
summing over the impurities 

CS X2 oo IT 
W = D , 

4ft M l+(coir)2 

where C= n/N is the concentration of contributing Fe2+ 

impurities. Since the subsidiary system involved here is 
a simple two-level system, the only way it can proceed 
after excitation into its excited state is back toward 
equilibrium via interaction with the phonon bath or the 
hopping quasifree sixth electron. Thus, the diffusion 
arguments of deGennes, Kittel, and Portis6 are not ap
propriate to the present case and the above transition 
probability is indeed the rate of loss of k=0 magnons. 
Thus, the present "fast" relaxation theory yields 

CS X2 0>iT 
Aco = 7 A # = L2 (2) 

4ft ftcoi l+(coir)2 

for the ferromagnetic resonance linewidth. 

5. NUCLEAR RELAXATION OF Mn55 IN MnFe204 

The main difficulty in determining in a given case 
whether an observed linewidth peak is due to slow or 
fast relaxation effects is that each predicts a peak in line-
width as a function of temperature and of comparable 
magnitude. Thus, without extra information to deter
mine the order of magnitude of r a conclusive argument 
one way or the other is difficult. For this reason we con
sider the spin-lattice relaxation of the Mn56 nuclei in the 
same ferromagnetic medium. The dominant nuclear re
laxation mechanism for Mn55 in low-anisotropy man
ganese ferrite arises from the complex frequency pulling 
brought about by relaxation in the ferromagnetic spin 
system.12 This mechanism yields the following value 

12 P. G. deGennes, P. A. Pincus, F. Hartmann-Boutron, and J. 
M. Winter, Phys. Rev. 129, 1105 (1963). 

for TL 

1 buN yN 1 
= 2 - ^ — — , (3) 

Ti COo Ye T2e 

where <5co# is the real part of the nuclear frequency pull
ing, coo is the ferromagnetic resonance frequency, v\ is 
the single domain enhancement factor for nuclear ex-
citation,7iv and ye are the nuclear- and electronic-
gyronmagnetic ratios, and 1/T2e is the ferromagnetic 
relaxation time which limits the response of the ferro
magnetic system to the applied rf field at the N M R 
frequency. This expression is the result of a solution 
of the coupled equations of motion of the ferromag
netic and nuclear spin systems being careful to relax the 
ferromagnetic magnetization vector always toward the 
instantaneous total effective field. In anticipation of the 
experimental results we assume that at 3°K where the 
peak in 1/Ti is observed, the time r is sufficiently long 
that a slow relaxation theory is appropriate. Then 

1 A /&E\ UNT 

where A is a constant [[see Eq. (1) above], and OON is the 
N M R frequency. This mechanism may be viewed as a 
coherent relaxation of the nuclear magnetization as a 
whole brought about by admixture of ferromagnetic 
character into the nuclear system. I t is of particular in
terest in that it is the result of extra correlation induced 
in the nuclear spin system due to the long-range Suhl-
Nakamura interaction between nuclei in a ferromag
netic medium. Even though the above mechanism is ac
tually effective in relaxing only low-£ nuclear excitations 
as a result of the k dependence of BOON, in the present case 
the magnitude of 8Q)N is comparable with the linewidth 
so that all nuclei remain on "speaking terms" with one 
another. The large linewidth therefore keeps the entire 
nuclear-excitation spectrum at a common spin tempera
ture, and the nuclear system relaxes as a unit. 

A comparison of nuclear and ferromagnetic relaxa
tion effects similar to that proposed here has been made 
for rare-earth-doped YIG by Robert and Winter.13 As 
a result of this work, an alternative mechanism for nu
clear relaxation in a slow relaxing ferromagnetic medi
um has recently been proposed by Mme. Hartmann-
Boutron14 based on an indirect coupling of the nuclear 
spins to the relaxing impurities. This mechanism domi
nates in the case of Fe57 nuclei because of the low 
moment and small abundance of the isotope. However, 
for Mn55 the ratio of the frequency-pulling mechanism 
(^4) to the Hartmann-Boutron mechanism (B) may be 

13 C. Robert and J. M. Winter, Comptes Rend. 253, 2925 (1961). 
14 F. Hartmann-Boutron, J. Appl. Phys. Suppl. 35, 153 (1964); 

also see Comptes Rend. 256, 4412 (1962). 
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put in the form 

-
x , _ k T / \ o > 0 < W 1/2 1 Q 2 

where coex is the A-B exchange frequency for manganese 
ferrite (fooex/&—350°K), and all other parameters are 
as defined above. Thus, at low temperatures, and in con
centrated nuclear systems, the frequency-pulling mecha
nism appears to dominate by more than an order of 
magnitude. 

6. EXPERIMENTAL RESULTS 

The important features of the experimental data are 
shown in Fig. 2 and 3. As mentioned above a peak in 
1/Ti is observed at about 3°K, and is shown by the ex
perimental points of Fig. 2. In Fig. 3 we show the tem
perature dependence of the linewidth of the ferromag
netic resonance with the external field applied along a 
(111) direction. The linewidth data were taken in the 
usual way by measuring the power reflected from a 
shorted waveguide with a polished sphere (47 mils in 
diameter, with a l-/z polish) of MnFe204 at the shorted 
end. The sample was kindly supplied by Dr. P. Seiden 
of IBM Research Laboratory and is believed to be high 
purity stoichiometric MnFe204. Data were taken from 
1.6°K to room temperature. A scatter about the smooth 
curve drawn of approximately ± 3 Oe in AH near the 
high-temperature peak and somewhat less for smaller 
values of AH was observed. Two peaks in AH are evi
dent, one at approximately 15°K and a second at 210°K. 

The Mn55 Ti data were obtained by a double reso
nance technique described earlier.15 The same single-
crystal sphere was used in the T± and the linewidth 
measurements. The double resonance technique makes 
use of the fact that in a ferromagnetic material, the field 
for electronic ferromagnetic resonance is shifted by 
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FIG. 2. l / 7 \ versus temperature for Mn56 nuclei in MnFe204. 
The data were obtained by a double-resonance technique. The 
solid curve results from a slow relaxation theory. 
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FIG. 3. Temperature dependence of the linewidth of the ferro
magnetic resonance in MnFe204. The external field is along a 
(111) direction. The low-temperature peak arises from slow re
laxation effects and the high-temperature peak from fast relaxa
tion effects. 

the amount 
dH= {A/gixB){Iz) 

15 A. J. Heeger, S. K. Ghosh, and T. G. Blocker, III, J. Appl. 
Phys. 34, 1034 (1963). 

due to the hyperfme interaction with the polarized nu
clear spins, where A is the hyperfme coupling constant, 
gfXB is the electronic g value times the Bohr magneton 
and (Iz) is the expectation value of the nuclear spin. 
Using the value for A obtained from paramagnetic reso
nance, one finds bH^l'/T Oe so that the shift is ap
preciable in the liquid-helium temperature range. If rf 
power is applied at the nuclear-resonance frequency 
(Iz) can be made arbitrarily small and the shift reduced 
to zero. Thus the position of the ferromagnetic reso
nance is a detector of nuclear absorption. For the meas
urements of spin-lattice relaxation time, a modulation 
technique was employed. If amplitude modulated rf 
power is applied at the NMR frequency, a periodic 
change in (Iz) at the modulation frequency will result. 
This effectively internally field modulates the electronic 
spin system and gives a ferromagnetic resonance signal, 
using narrow band detection, which is proportional to 
the change in nuclear magnetization {Amz) at the modu
lation frequency. At a low modulation frequency the 
nuclei will follow the modulation and give maximum 
signal. As the modulation frequency increases beyond 
1/Ti the nuclei will no longer be able to follow, and the 
resulting double-resonance signal will decrease. Thus 
the dependence of the signal on modulation frequency 
allows a direct measurement of 7\. Assuming the equa
tion of motion for the Z component of the nuclear mag
netization as given by Abragam16 

dmz/dt= —2wmz—\jnz—ntQ/T{], 

where wo is the equilibrium value, and W is the transi
tion probability, one finds that in response to low level 
amplitude modulated rf power, the magnitude of Amz 
is given by 

| Amz | = | Amz | o/Cl+co2^2]1/2, 

where co is the modulation frequency. Figure 4 shows the 
16 A. Abragam, The Principles of Nuclear Magnetism (Clarendon 

Press, Oxford, England, 1961), Chaps. II and IV. 
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in the double resonance experiment. The solid curve is the ex
pected theoretical curve for Ti = lA9 msec. 

results of such a set of measurements at 1.65 °K. The 
measured time is about 1.5X10-3 sec at 1.65°K. This 
kind of measurement was repeated at several tempera
tures in the helium range to obtain the data of Fig. 2. 

7. COMPARISON OF EXPERIMENTAL RESULTS 
WITH THE SLOW AND FAST 

RELAXATION THEORIES 

One is tempted to interpret the above data in the 
following manner: 

(1) At low temperatures slow relaxation will yield a 
peak in 1/Ti when co^r^l (see Eqs. (3) and (4)]. 

(2) At somewhat higher temperatures when o>0r^l, 
a peak in the linewidth, again from slow relaxation, will 
result [see Eq. (1)]. 

(3) At still higher temperatures, when coir^l and a 
fast relaxation theory is appropriate, the second peak 
in AH will occur [see Eq. (2)]. 

In Fig. 5 we show, in more detail, the low-temperature 
peak in the ferromagnetic-resonance linewidth. The 
points are not raw data, but are obtained from the orig
inal data of Fig. 3 by subtracting off the extrapolated 
contribution from the high-temperature peak at the 
temperatures indicated in Fig. 5. Analysis of the data 
indicates that if a linear dependence of 1/r on the tem
perature is assumed, a self-consistent extrapolation is 
possible. At the temperatures in question, r<40°K, 
we assume that co I7V>>1, so that the fast relaxation con
tribution is given by 

1 
A H f a s t * - 0 ^ . 

r 

The net contribution from the low-temperature peak 
is readily obtained, and is shown as the experimental 
points of Fig. 5. The solid curve is a plot of the ex
pression 

using the values AE/k~8°K, 1/r = 1.45 X109T, and 
4̂ = 8.5X102. The resultant splitting AE is in qualita

tive agreement with the polycrystalline specific-heat 
measurements.8 The linear dependence of 1/r on tem
perature confirms the extrapolation procedure described 
above for separating the fast and slow contributions at 
low temperatures. 

As discussed in Sec. 5, the slow relaxation theory pre
dicts at peak in 1/Ti at a lower temperature with a mag
nitude given by Eqs. (3) and (4). All quantities in Eqs. 
(3) and (4) are known or calculable. The frequency pull
ing is given by 

5coj\r/cojv= rjmo/Mo 

where m0 and M0 are the nuclear and electronic mag
netizations, respectively; and the constant A is deter
mined by the fit to the slow relaxation theory described 
in the above paragraph. The solid curve of Fig. 2 is a 
plot of Eqs. (3) and (4) with no adjustable parameters 
using the same value of AE and 1/r as given above. The 
single domain enhancement factor 

n=HN/(HQ+HA) 

is taken as 1.8 X102. The magnitude of Tx is correct, and 
the temperature dependence shows the qualitative fea
tures of the experiments. The more rapid falloff of the 
experimental points above 3°K is not presently under
stood. The agreement between theory and experiment 
is quite good for both the temperature dependence of 
the linewidth and 1/Th and confirms the slow relaxation 
mechanism in MnFe204 at low temperatures. Further
more, the quantitative agreement of the magnitude of 
\/Ti with theory establishes the frequency pulling 
mechanism for the Mn55 nuclear relaxation. 

The slow relaxation results described above yield a 
value for AE/^^8°K and a temperature dependence for 
l / r ; l/r=1.45X109T for r<40°K. We next assume 
that the high temperature linewidth peak is the result 
of fast relaxation effects; and use the experimental data 
to determine the temperature dependence of r and the 

AH~-
A 

- sech 
AE\ 

\2kT. 71 +(wr)2 

FIG. 5. Comparison of slow relaxation theory for ferromagnetic-
resonance linewidth with experiment at low temperatures. 
The solid curve is a plot of Eq. (1) for A£/& = 8°K and 
1/r = 1.45 Xi097\ 
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FIG. 6. Log-log plot of 1/r versus temperature as determined 
from the relaxation data. The point marked X comes from 
nuclear-resonance measurements, the solid triangles from the slow 
relaxation theory, and the open circles from the fast relaxation 
theory. 

magnitude of coi from Eq. (3). If this assumption is cor
rect, the resulting r and coi must be consistent with the 
low-temperature values. 

Figure 6 shows the results of such an analysis. 1/r is 
plotted as a function of temperature on a log-log graph. 
The results cover two orders of magnitude in tempera
ture and three orders of magnitude in 1/r. The point 
marked with X is obtained from the nuclear resonance 
results (coj\rr= 1), the solid circles demonstrate the ac
curate fit of the slow relaxation theory at low tempera
tures; and the open circles are obtained from the fast 
relaxation theory with a>i= 1.4X1012, or 

The value for AE from the slow theory at low tempera
tures (AE~8°K) and the fast theory at higher tempera
tures (AE~ 10°K) are in excellent agreement. Further
more, the values of 1/r from essentially three separate 
theories join continuously. The remarkable self-consis
tency of all these results appears to confirm the inter
pretation of slow relaxation at low temperatures and 
fast relaxation at higher temperatures in MnFe204. 

Finally, we note that both the slow and fast theories 
predict linewidth peaks proportional to the number of 
contributing Fe2+ impurities. From Eq. (2), one finds 
that a concentration C such that 

CL2-5X10~4 

is needed in order to account for the magnitude of the 
210°K. Similarly, using Eq. (1), and assuming that the 

anisotropy in AE is comparable with AE itself, (the spe
cific-heat data on polycrystalline material suggests a 
continuous distribution of AE's up to about 20°K) one 
finds 

C-5X10-3 

To be consistent, one needs a value of L2= .1 in the crys
tal. Although this is quite small, it does not appear 
impossible. 

The above concentration is roughly an order of mag
nitude less than that obtained from the specific-heat 
data. The origin of this discrepancy is not presently 
understood, but may simply reflect the fact that the 
single-crystal sphere used in the relaxation measure
ments is more nearly stoichiometric. This is perhaps con
sistent with the fact that the ferromagnetic-resonance 
widths reported here are the narrowest to be found in 
the literature for nominal MnFe204. 

8. ORIGIN OF THE RELAXATION TIME OR LIFETIME T 

The linear dependence of 1/r on the temperature for 
r<100°K suggests that a direct relaxation process to 
the phonon or magnon bath is dominant. As indicated in 
Sec. 2, the splitting between the doublet and singlet is 
sensitive to the magnitude of the trigonal crystal field; 
and the magnitude of this crystal field is clearly propor
tional to the trigonal distortion of the lattice. Conse
quently, the orbital angular momentum is strongly cou
pled to lattice strains or phonons. This kind of process 
was first calculated by Van Vleck17 in connection with 
paramagnetic spin-lattice relaxation times. The result 
is proportional to the number of thermal phonons within 
a narrow frequency band, and hence is proportional to 
the temperature.18 Similar arguments can be made 
using the magnon bath for there is a high density of mag
non states 8°K above the ground state. 

Figure 6 shows a strong deviation from linearity for 
temperatures greater than 100°K. It appears that an
other, faster mechanism determines the width of the 
Fe2+ levels at these higher temperatures. A possible 
mechanism for limiting the lifetime of these Fe2+-orbital 
states is the well known mobility of the sixth 3d elec
tron of Fe2+ among B sites of the spinel lattice. As far 
as this extra electron is concerned, any Fe site is equiva
lent. However, to get from one site to the next the elec
tron must go over a relatively large energy barrier, for 
while hopping, it is not bound to either ion. This is 
clearly an example of a thermally activated process; the 
probability of hopping being proportional to exp(— e/ 

« J. H. Van Vleck, Phys. Rev. 57, 426 (1940). 
18 For AE/2kT>l, the direct process r becomes independent of 

temperature [R. Orbach, J. Appl. Phys. 33, 2144, (1962)]. This 
temperature independence does not seem to show up below 4°K; 
however, the NMR experiments in this range are not particularly 
sensitive to r. Most of the temperature dependence shown in 
Fig. 2 arises from the explicit temperature dependence of Eq. (4). 
A temperature-independent r for T<4°K would improve the 
agreement between theory and experiment in Fig. 5 in this tem
perature range. Thus, even for T<AE/2k the direct process is 
not inconsistent with the data. 
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FIG. 7. Semilog plot of 1/r versus 1/T at higher temperatures. 
The exponential variation indicates that the width of the orbital 
levels is determined by the lifetime of the 6th 3d electron on a 
given Fe ion as a result of the hopping mechanism. 

kT), where e is the activation energy. The validity of 
this model in the manganese-ferrite system has been 
adequately demonstrated by resistivity measurements.19 

These measurements give the result, 

P=Poe~*,kT 

as expected from the above model; and furthermore 
give a value for the activation energy of approximately 
O.leV. In Fig. 7 we show the high-temperature values of 
1/r on a semilogarithmic plot as a function of 1/T, 
where T is the temperature in °K. The straight line na
ture of the curve indicates a temperature dependence 
of the form 

1 1 
_ = e - (1.7X103 /T) 
T To 

The activation energy of 1.7X103°K^O.2 eV agrees 
favorably with the resistivity results. Thus, although 
direct phonon or magnon relaxation determines the 
width of the Fe2+ orbital states at lower temperatures, 
at the temperature of the maximum in AH this width, 

19 K. Zaveta, Czech. J. Phys. 9, 748 (1959). 

is determined by the lifetime of the quasifree electron 
on a given Fe site. 

9. CONCLUSION 

In this paper we have presented experimental and 
theoretical evidence indicating the importance of "fast" 
and "slow" relaxation effects in MnFe204. The details 
of the theories are different from the rare-earth substi
tuted garnets, e.g., the origins of the energy levels and 
relaxation times or lifetimes, but the essential ideas are 
in many ways quite similar. 

It is interesting to note that the concentration of 
Fe2+ ions contributing to the relaxation phenomena 
(̂ 10~~3) is quite small compared to concentrations 
usually believed present in "stoichiometric" MnFe204. 
The same kind of conclusion is reached by Smit et al.11 

in connection with the effect of Fe2+ on the magneto-
crystalline anisotropy of the Mn-Fe spinels. These re
sults emphasize the importance of the details of the Fe2+ 

trigonal field splitting in determining the magnetic prop
erties of these materials. More detailed calculations of 
these trigonal field splittings in a partially normal and 
partially inverse environment would be of interest. 

Note added in proof. We have calculated the magni
tude of the direct relaxation process to the magnon bath 
as suggested by the linear temperature dependence dis
cussed in Sec. 8 above. Again using the nondiagonal 
part of the spin-orbit Hamiltonian as the perturbation, 
one calculates 

1 \2S (AE/h)^2kT 

r 8wh2
 (7HEY/2 AE' 

Substituting in all the previously determined param
eters, one obtains 

1 
-^2X10 9 , 
T 

in excellent agreement with experiment. Details will be 
published elsewhere. 
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