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Abstract. In this paper we present a plausible explanation for the exponential relaxdon in 
TbFeOl single crystals observed below 3 K. Our interpretation is based on the formation 
and consequent propagation of the nucleated domain wall at the (010) face. n e  analytical 
calculations along the lines of current thwries of macroscopic tunnelling of magnetization are 
in agreement with experimental resnlts. 

1. Introduction 

The most interesting aspect of the behaviour of mesoscopic magnets is that at low 
temperature the reorientation of magnetization vector M ( T )  occurs via quantum tunnelling 
between two metastable states of M(T) .  The simplest example is the quantum underbanier 
transition of the magnetic moment between easy directions in a ferromagnetic single-domain 
gmin 111. Similar transitions occur in quantum nucleation of magnetic bubbles 121, domain 
wall (DW) motion [3,4] and the reorientation of the N6el vector in antiferromagnetic particles 
[5]. (For a recent review see [6]). 

TbFeO3 has an orthorhombically distorted perovskite structure [7]. The variety of 
magnetic phases observed in this material are mainly due to both the peculiarities of magnetic 
properties of the Tb3+ ion magnetism in the orthoferrite structure and the anisotropy of the 
exchange interaction existing between the Tb3+ and Fe3+ ions [8,91. In table 1 [ 741  we 
give information about the magnetic structure of the main magnetic phases in TbFeO3 at 
low temperatures (between 1.7 and 10 K). Above T = 10 K the Nkel vector in TbFeO3 
is parallel to the x axis. The small divergence of the magnetic moment of sublattices in 
TbFeO3 in the y direction creates the weak ferromagnetism along the z axis. At these 
temperatures the Tb3+ ions are paramagnetic. In table 1 ri, i = 2,4,S are the irreducibIe 
representations of the space group of symmetry Pb,,, to which belongs the TbFeO3 single 
crystal; Fj and Gj are the functions symmetrical and antisymmetrical with respect to the 
transitions via the plane perpendicular to the j axis, C, and Aj are the functions symmetrical 
or antisymmetrical with respect to the transitions via the centre of the elementary cell of 
TbFeO3. Here j = x .  y. z. 

From the data presented it is evident that the TbFeO, single crystal at low temperatures 
exhibits many spin reorientations, so in order to describe the observed magnetization reversal 
we must determine precisely the temperature region investigated. We have a complete set 
of characterization data of a TbFeO, single crystal in the temperature range 1.8-300 K. Our 
static measurements (hysteresis loop characteristics, magnetization versus temperature) are 
in agreement with the proposed magnetic structure [IO] and with the previous work on the 
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Figure 1. Ma&metization relaxation data 

topic. The relaxation studies were done at 1.8 < T < 3.1 K. In accordance with table 1, 
in this temperature range no substantial changes in the spin orientation in the TbFeO, 
single crystal are observed. At these temperatures M 11 Oz and the weak antiferromagnetic 
moment 1 11 Ox. Therefore, the interpretation of the magnetic evolution as something 
connected only with the thermal or quantum relaxation to some metastable state seems to 
be a plausible one. 

The relaxation data are presented in figure 1. They follow an exponential law 

InM = InMO - rt (1) 
where MO is the saturation magnetization and the relaxation rate r depends on the 
temperature [IO]. 

The exponential relaxation suggests the existence of a universal single barrier U 
throughout the sample. Therefore, we can present r in the following form: 

r = raexp[-U/ksT*(T)] (2) 
where ro is the attempt frequency and T*(T) is the escape temperature, which is T for 
thermal transitions and T*(T)  > T for quantum underbarrier transitions below Tc. The 
latter value is defined as the crossover temperature between thermal and quantum transitions. 
Using the data mentioned above, it is possible to obtain U, ro and T * ( T )  without fitting 
parameters. In figure 2 we show the T*(T) data based on the results presented in [lo]. 
From figure 2, if the magnetic field lies in the range [75; 2001 Oe, Tc varies approximately 
from 2.2 to 2.5 K. 

2. Theory 

It is a well known experimental fact that at low temperatures the magnetic structure of 
TbFeOs consists of parallel magnetic domains separated by 180" domain walls (DWS); 
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d interpretation of this is given in [Ill. In order to explain the exponen 
relaxation observed we suppose that this process is connected with the growth and 
propagation of the DW at the crystal (010) surface (figure 3). The energy density of this DW 
may be written as [12] 

W = M i w  
(3) 

w = -$m2 + fci(Vl)z + $ar'(Vm)' + dlm,l, - d3m,l, + f31l: + f33lT 

where m and I are standard vectors of ferromagnetism and antiferromagnetism, m = 
(2Mo)-l(M1 + Mz), I = (2Mo)-'(Ml- Mz), MI and Mz are the magnetization vectors 
of superlattices, IMlI = lM~1 = MO, 6 is the constant of homogeneous exchange, 
(Y and (Y' are the constants of non-homogeneous exchange and dl, 4, f31 and f3, are 
Dzialoshinski-Moriya and anisotropy constants along x and z axes respectively. The usual 
minimization procedure [12,13] gives us the DW structure corresponding to the observed 
r4 N6el configuration: 

I ,  = sin0 mL = (d3/6)cos8 cos0 =tanhy/A 

So the nucleated Dw is situated in the xOz plane and propagates in the y direction (figure 3). 
From (4) one obtains 

w = K sinzO U = 4(AK)'" (5) 

where U is the surface energy density of the DW and K is the effective anisotropy constan& 
following [9] we obtain K = 1.15 erg erg cm-' [13], so we and A = aM; N 
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Figure 3. The geomevy of lhe MQT pmcess under invesligation. 

assume that the energy barrier caused by DW formation is 

U = K V  (6) 
where V is the volume tunnelling during one MQT (macroscopic quantum tunnelling) event. 
From [4,14] 

V = (@g/h)B(KX)1 /2 .  (7)  
Here B is the tunnelling exponent, not to exceed 30, and x is the initial susceptibility, 
x Y lO-4. Therefore, V = 8 x 104 A’, so from (6) we obtain U = 6 x 1O-3 eV in a good 
agreement with the value U = (6-7) x lo-’ eV extracted from the experimental data [IO] 
without any fitting parameter (this possibility was pointed out before in section 1). 

In order to evaluate the crossover temperature of the MQT process, we use the relation 

kBT, Y hw (8) 

o = c /A.  (9) 
Here c is the limiting velocity of a DW in orthofenites (the minimal phase velocity of spin 
waves), which is given by [I41 

where w is the characteristic frequency of an instanton 

c = fyMo[a/X)“’ (10) 

TC = ( ~ ~ Y / ~ ~ B ) [ K / x I ” ~  = ( L W I / W ~ ’ * [ K / X I ~ ’ ~ .  

where y is the gyromagnetic ratio. merefore we obtain that 

(11) 

This is the same expression for Tc as for the antiferromagnetic particles [4]. For the energy 
barrier [31 

U = 3 0 k ~ T , .  (12) 

Therefore, Tc = 2.3 K and U = 6 x 1O-3 eV. These results are also in good agreement 
with the values extracted from the experimental data [lo] cited before. Note that (6) and 
(9) are obtained independently-the first from the analysis of the static DW structure, and 
the second from the spin wave theory. 



Exponential relaxation in TbFeOJ 5101 

Following [3] the total Euclidean action of our problem may be written as 

se = so +- s, +- s,. (13) 

Here SO is the covariant action connected with the DW distortion, S, is connected with the 
defects and S, originates from the change in the Zeeman energy in the region between the 
nucleated DW and the (010) face (figure 3). As a good approximation [3] [yl << c, R << A, 
where R is the radius of curvature of the nucleated DW segment, so we obtain 

So = -a0 dt d+ dz [1+ (Vy)’]. (14) J 
The defects are not taken into account, so for our case S, = 0. In accordance with [3] 

S, = -/d4FM(E)H(F). (15) 

In (15) d4( = dt d3R and the integration is over the MQT domain volume (figure 3). 
We suppose that the nucleating DW has the form of a spherical segment; this seems to 

be so because the energy banier in this problem is connected with DW surface nucleation, 
and the sphere has a minimal relation between the surface and volume. In order to describe 
the structure of a spherically curved DW we need to transform (4) in the following way: 

COS 6 = tanh [vI/A (16) 

where T is the radius vector in the yOz plane, so r = (2’ + y’)’/’. In order to calculate 
the change of DW energy and the correction to the potential barrier we must complete the 
following procedure. First, we substitute the modified DW configuration of (16) into (4) and 
then the relations of (4) into (3) in order to obtain the DW energy density w as a function 
of the polar angle 8 .  Until this stage no difference from the previously described case of 
the r4 N6el configuration is observed. The deviation appears during the integration 

U = dr dy dz w[6(x ,  y, z)l (17) L 
and it may be expressed as the modification of the surface energy density of the DW 

a* =aJ  

So, the deviation in the potential barrier height U caused by the spherical distortion of the 
DW does not exceed nl2, but due to the fact that DW segments oriented near the yOz (hard) 
plane have higher energy density, they will be slightly suppressed, so during the growth 
process the DW will change its shape and will become ellipsoidal. Consequently, factor J 
will become close to one. 

At the last stage of the MQT process the DW has the shape of a parabolic cylinder, but 
the study of this goes beyond the quantum nucleation effect considered here. Note that in 
order of magnitude the actions computed for the distorted DW and the spherical nucleus are 
the same. 
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Following the initial hypothesis of MQT in TbFeO3 with DW formation, we obtain 

dS/dt =constant = S,. (19) 

So the radius of the MQT region 

R = (7.0) 

where A' = S , / k ( I  -cos@,,,); here e,,, is the angle limiting the nucleus (see figure 3). In 
the spherical coordinate system it is possible to calculate the action (14) analytically without 
any additional approximations. From (15) we obtain 

Finally, 

where r is the time of the MQT relaxation. 

B < 30 along the tines of MQT theory developed in [1-6]. we use the relation [4] 
In order to prove that the total Euclidean action SE < 3Oh, so the tunnelling exponent 

B = ( y H , / w ) ( h , ~ ) ~ ' ~ N .  (23) 

Here Ha is the anisotropy field, from [lo] Ha Z 6 kOe; h, = HJH,, where H, is the 
coercive field. Using the hysteresis loop from [IO], we obtain h,  E' 0.2. Note that in reality 
this value must be decreased substantially, because, strictly speaking, the coercive field 
obtained from the hysteresis loop for the bulk sample is not the same as the field to move 
the single DW in a practically perfect TbFe03 single crystal [13,15]. Using the results of 
[15], we exeact that the more realistic h, value in (23) must be at least 3.4 times smaller, 
so we assume he = 6 x IO-*. Nevertheless, note that even the h, received directly from 
the hysteresis loop gives us B < 30. 

The instanton frequency Am = 4 n p ~ M 0 ,  and using MQ = 330 G cmT3 [7] we obtain 
w = 4 x 10" s-1. 

In (23) N is the number of spins tunnelling simultaneously 

N = vT/vd (24) 

where VT is the total tunnelling volume and V.1 is the volume of the elementary cell of 
TbFeOs. From [71 we extract Vd = 2.3 x IO-" cm3. Note that VT is not the same as 
V in (6).  Really, in order to evaluate the energy harrier connected with the DW formation 
following (6), we need only the volume of a new DW; this value was evaluated in 1141. In 
(24) VT >> V is the total tunnelling volume containing the DW and the domain inside it. To 
find VT we need the critical radius of the nucleus, which we extract from the condition 

E, = Ez. (25) 
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Here Ew is the DW energy and EZ is the Zeeman energy of the domain. Taking into account 
that the MQT region has the form of a spherical segment, we obtain 

R = ~ u / M ~ H ( ~    COS^,,,)(^ + cosem). (26) 

In order to obtain 0, (the critical angle that limits the MQT region) we need the minimum 
of It(@,,,) (to realize the MQT process in a smaller region, i.e. to make it easier). This seems 
to be so due to the general fact connected with the principle of minimal action, because 
we want to provide the optimal form of a spherical segment with a minimized relation 
between the surface and the volume, Indeed, in general the MQT theory is also based on 
the procedure of minimization of action. 

Finally, we find 

(27) 1 COS e,,, = - 

and the critical size RO N 1.7 x IOd5 cm. Taking into account that 

v, = X R ’ ( I  - C O S ~ , ) ~ ( ~ + C O S ~ , , , ) / ~  (28) 

we obtain N = 7.8 x IO7. Here we will assume E = IO-‘ [41. This means that the 
demagnetizing field outside the sample is close to the anisotropy field. This suggestion 
seems to be logical because the slow stage of the relaxation studied by us as well as the 
MQT nucleus formation is initiated when the barrier for the wall to enter the sample just 
starts to develop. Really, this means that the magnetic system investigated is in the critical 
State. 

Finally, 

B 2 5 < 30. (2% 

Table 1. The spin conhguntions corresponding to lhe main (non-angular) low-tempenture 
magnetic phases in TbRO3. 

0-3.1 K 3.1-10 K z IO K 

3. Condusions 

The MQT theory presented is in good agreement with experimental data. Indeed, the potential 
barrier values deduced theoretically (U = 6 x  IO-’ eV if we assume U = K V  or U = k,TJ 
correspond to the value extracted from the experimental data, U =(6-7)~10-~ eV. The 
temperature of the transition between ‘classical’ thermal activated and quantum regimes 
of relaxation, obtained theoretically as Tc = 2.3 K, is the same as the experimental value 
Tc = 2.2-2.5 K. 
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We thus give a plausible explanation of the experimental fact that the MQT process in 
TbFeO, exhibits a single energy barrier. Really, the value U = KV, where V is determined 
from [4,9] and is fixed throughout the relaxation process. 

We suppose that the observable deviation from the exponential relaxation law in figure 1 
may be connected with the relaxation process via other (substantially lower) potential 
barriers occurring in a TbFeO3 single crystal in the temperature region under investigation. 
Naturally, the DWS in TbFeO, may pin on the lead impurities which have entered the crystal 
during its growth [16,17]. Another potential barrier may be connected with the creating of 
new structural elements of DWS @loch lines, Bloch points) as well as with the change of 
the DW structure of Bloch type described by (4) into an intermediate one (with the deviation 
of vector M from the DW plane [IS]). All these changes in the DW structure lead to the 
increase of the effective wall mass and, consequently, create an additional potential barrier 
[19,20]. The processes mentioned above are connected, because the DW pinning on the 
defect points may promote the appearance of Bloch lines or Bloch points [13]. 

Nevertheless, these processes alone cannot explain the relaxation data observed. 
Therefore, it does not seem that our theory has an internal logical contradiction, or any 
contradiction with experimental data or with previous work in MQT theory [1-6]. We may 
suppose that the MQT process observed in TbFeq, which demonstrates the exponential 
relaxation law and the single energy barrier, is caused by DW formation and the consequent 
movement from the TbFeO3 surface into the core. 
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