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The temperature dependence of the domain-wall coercive field of epitaxial magnetic garnets films
has been investigated in the entire temperature range of the ferrimagnetic phase, and has been found
to be described by a set of parametric exponents. In subsequent temperature regions different slopes
were observed, with breaking points whose position was found to be sample dependent. A survey
based on literature data as well as on a large number of our own samples shows the general
existence of this piecewise exponential dependence and the presence of the breaking points. This
type of domain-wall coercive field temperature dependence was found in all samples in the large
family of the epitaxial garnets (about 30 specimens of more than ten chemical compositions) and
also in another strongly anisotropic material (TbFeCo). © 1995 American Institute of Physics.

I. INTRODUCTION

Even in very soft magnetic materials there is always in-
teraction  between  domain  walls and  material
irm:)crfactions."2 This effect—characterized by the domain-
wall coercivity—is responsible for the nonzero value of the
external magnetic field which is required to move the domain
walls irreversibly from their original position. The domain-
wall coercive field H_,, is commonly considered to be one of
the most important parameters in applied magnetism con-
pected as it is with the fundamental properties of the material
as well as characterizing the degree of perfection of the
sample. The domain walls act as probes of the defects, and
the value of the measured domain-wall coercive field con-
tains information on the distribution and quality of the de-
fects. Thin magnetic films with nearly perfect crystalline
structure are friendly means of investigating subtle details of
these effects. This is particularly true for thin garnet films
whose uniaxial magnetic anisotropy has its easy axis normal
to the film surface.

The physical properties of magnetic materials determine
the nature of the coercivity and the resulting magnetic be-
havior. To describe the pinning of domain walls at the defects
Aharoni® applied the specific Ritz model for the wall struc-
ture using a modification of the Hilzinger® theory to study
the wall passing a barrier created by planar imperfections;
Della Torre> reviewed the problems involved in modeling the
coercivity of soft magnetic materials. Many theories (for a
review see, e.g., Ref. 1) have also attempted to calculate the
coercive field from the material parameters and from an as-
sumed distribution of the material defects. Some of these
theories adequately matched the experimental observations.
However, the temperature dependence of H,,, has been stud-
ied only to a limited extent and a considerable decrease of
the coercive field with increasing temperature has often been
reported.®!* Our results suggest a mathematical expression
describing the temperature dependence of H ., . and also en-
able conclusions to be drawn on different types of pinning
traps in the material. Recently we investigated the coercive
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properties of magnetically uniaxial liquid-phase epitaxially
grown, rare-earth garnet films from 10 K up to the Néel
temperature (~480 K)."> The measured domain-wall coer-
cive field H,, exhibited a steep decrease with increasing
temperature 7. The semilogarithmic plots of H,(T) re-
vealed the drop to be piecewise exponential, with different
slopes at different successive temperature regions. The semi-
logarithmic temperature dependence of H..,, was fitted to the
exponential function

H,.,=H' exp(—TIT") (1)

in each of its linear parts, where H',,, and T' were the char-
acteristic values for the ith temperature range. The measured
temperature dependence is shown in Fig. 1 for one of the
sampies used in Ref. 12. In explanation, three different types
of wall-pinning traps (material defects) were suggested to
coexist in the sample, each of them prevailing in one of the
three different temperature regions. The breaking points on
the semilogarithmic plot of H,,(T) were identified by the
limits of activity of one type of wall-pinning trap and the
taking over of the next type. The presence and the position of
the three temperature ranges of the exponential H.,(T) de-
crease with the two distinct breaking points in the semiloga-
rithmic plot can be considered to be characteristic of each of
the samples.

Our aim here is to find out whether the existence of such
temperature ranges, of the breaking points, and of their num-
ber and position on the temperature scale are common to
many magnetic gamet films (and/or other materials), or if
they are characteristic only of some special garnet composi-
tions. With this in mind, H,,, versus the temperature data of
as many samples with different properties as possible were
measured and a survey was carried out of all the available
coercivity versus temperature results in the literature.

Il. RESULTS

General coercive properties of magnetic materials (i.e.,
their hardness or softness) are usually characterized by the
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FIG. 1. Temperature dependence of domain-wall coercive field H,,, mea-
sured on specimen 6.

coercive force value H., defined as the half width of the
saturation-to-saturation hysteresis loop. However, H, reflects
all the complex magnetic changes in the material during its
magnetization reversal, including the generation and annihi-
lation of domains, translation and changes of length of do-
main walls, and rotation of the magnetization vector, but

actually there is no straightforward link between the H,
value and the behavior of a single domain wall.

If one wishes to address the coercive behavior of the
translating domain walls only, finer measuring methods need
to be used"? and instead of H,, the domain-wall coercive
field H,,, should be determined. For this purpose two meth-
ods giving equivalent results of H,.,, whose error of mea-
surement did not exceed +8%, were used, viz. low-
frequency domain-wall osci’llation,l4 and the utilization of a
vibrating sample magnetometer to measure special minor
hysteresis loops."”” The former is based on the magneto-
optical response of the domain system to an ac magnetic
field perpendicular to the film plane. The ac field amplitude
is slowly increased from zero and any domain-wall motion is
detected photoelectrically. The field amplitude corresponding
to the extrapolated start of motion of the domain wall is
interpreted as H,,, .

By contrast, in the latter method the magnetic moment of
the sample is measured with the external magnetic field par-
alle] to the easy magnetization axis, i.e., perpendicular to the
film plane. The onset of the irreversible domain-wall motion
is detected in the measurement.

We measured the temperature dependence of the coer-
cive field of 15 different films with the chemical composi-
tions given in Table I. All the films were grown on [111]
oriented GGG substrates by liquid-phase epitaxy. To ensure
that specimens with the most different properties were inves-
tigated we considered a wide range of coercivity, thickness,
saturation magnetization, and quality factor of the chosen
films. Some of the specimens even had a compensation
point. The parameters of the films were measured in accor-
dance with Ref. 16, and are summarized in Table . The
measured H,.,,(T) curves consist of exponential segments for
each sample. The number of exponential segments, the tem-
perature range for these segments, and the fitting parameters
T' and H’,,, are given for every specimen in Table I (Not
every specimen was measured in the full temperature range

TABLE 1. Composition, room-temperature values of domain-wall coercive field (H,,). film thickness (&),
zero-field stripe domain period (p,), magnetization (4-mM ), uniaxial anisotropy constant (X,), quality factor
(Q), characteristic length ([}, and the compensation point (T,) of the garnet samples which were measured in

our laboratory.

H,. h Po 47M, K, 1 Ty

Specimen Composition (Oe)  (um) (um) (G) (erg/em’) Q {(um) (K)
1 (YSmCa);(FeGe)s0;, 0.2 5.3 9.0 211 6400 42 047
2 (YSmCa)y(FeGe)sOy;, 03 49 93 203 5800 35 051
3 (YSmCa)y(FeGe)sO,, 14 55 178 147 6800 7.9 117
4 (YSmCa);(FeGe)sO,, 2.5 51 101 195 5700 38 057
5 (YSmCa)y(FeGe)sO;, 33 54 107 198 10400 67 059
6 (YSmCaLu)y(FeGe):O,, 03 29 81 238 15100 67 053
7 (YSmCalu);(FeGe)s0;, 0.9 9.2 21.5 160 11 000 10.8 1.30
8 (YSmCaLu){FeGe)O, 13 29 72 305 9100 2.5 044
9 (YSmCaLu)(FeGe);0,, 48 67 135 168 S500 49 075
10 (YSm);(FaGa)sOyy 04 4.9 9.7 191 15 500 10,6 0.60
11 (YSm);(FeGa)sOys 1.8 6.7 10.5 170 13 000 1.3 051

12 (YSm);(FeGa)s0,» I.1 4.0 10.9 229 16 100 176  0.74 e

13 (YYbGdBi)(FeAl);O,, 17 245 470 111 10800 220 260 217

14 {EuEr);(FeGa)0,, 1.3 9.8 21.2 186 25 000 18.8 1.23 173

15 (YCa),(FeGeCo)sOy, 108 118 450 163 11700 110 298 65
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TABLE II. Number, temperature range, and fitting parameters of the expo-
nential segments of the garnet samples which were measured in our labora-
tory. *: not measured in the full temperature range of ferrimagnetic phase,
**: above the compensation point, ***: below the compensation point.

Temperature
range
Number of for each
exponential segment T (X) HL,, (Qe)
Specimen segments (K) for each segment
10-95 352 95
1 3 95-300 57.1 23
300-450 129.4 0.5
10~70 19.8 205
2 3 70-212 61.4 18
212-400 113.0 3.5
3 2% 113-265 58.4 36
265453 76.4 12
4 2% 145-274 110.0 21
274-345 56.4 993
10-144 40.8 562
5 3 144-325 107.6 51
325-450 229.2 10.5
10--90 26.8 452
6 3 90-295 477 105
295-450 97.7 1.4
7 2% 140-223 42.1 403
223-440 92.6 22
10-58 272 300
8 4 58-242 118.6 51
242-360 32.8 9800
340-450 2242 0.8
9 2% 140-250 63.2 36
250-400 1933 480
5-24 108.3 652
10 4 24-112 25.5 1300
112-248 42.6 210
248-380 147.1 34
10-82 26.9 2050
1 3 82-248 44.5 680
248-380 135,1 15.5
12 PAS 100-242 51.1 112
242-380 85.6 16.5
225-236 105 1.8%10"
3% 236-318 76.9 81
13 318-414 858.0 1.8
PAN 150-198 -83.3 0.5
198208 ~6.6 2.8x107
14 1E* 182335 34.1 1550
Jrx* 80-163 —24.7 02
24 130-346 51.1 2150
15 346--412 224.8 22
| R 10-55 ~45.2 140

of the ferrimagnetic order.) A typical H,,(T) curve (mea-
sured on specimen 6) is shown in Fig. 1. For the three, well
separable exponential segments a least-squares fit to Eq. (1)
was performed in every segment; this gave the T and H:,,,
values. The correlation factor of the least-squares fit was
r>0.99 for each segment.

Ill. LITERATURE RESULTS

Most of the broad enough temperature dependences of
the domain-wall coercive field of epitaxial garnets found in
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the literature were measured by the domain-wall oscillation
method.!7-22 The results were replotted on the semilogarith-
mic scale. The H,,(T) curves obtained also consist of expo-
nential segments for each sample.

Table I contains the material parameters of every
sample taken from the literature. The T¢ and H.,, fitting
parameters were also calculated for each exponential seg-
ment of every sample, and the results (with the number and
temperature range of these segments) are shown in Table IV.
The correlation factor of the least-squares fit for the seg-
ments was 7=0.98 in every case.

Bubble domain translation® is also frequently used to
measure domain-wall coercivity. This method utilizes a high-
speed camera to record the velocity of an isolated circular
magnetic domain {bubble) in an external magnetic-field gra-
dient, this gradient being produced by a pair of parallel con-
ductors carrying current in the same direction. From the ex-
trapolation of the domain-wall velocity versus drive field
curves to zero velocity, the threshold drive field H ., is de-
termined.

The results are also shown in Table IV (samples
N,O,P), and they also exhibit the piecewise exponential de-
crease of coercivity with increasing temperature.

2426

IV. DISCUSSION

Since all of the observed cases demonstrate the
H,,=H.,, exp(—T/ T') type dependence of the domain-
wall coercive field, with different slopes of the exponential
drop of H,,, and no other types of temperature dependence
were obtained, our present result supports that of Ref. 12 and
indicates that the observed temperature dependence of the
domain-wall coercive field is common at least to a large
family of garnet films with different chemical composition
and grown under different conditions. The difference in the
behavior is solely in the number of successive temperature
ranges of the constant exponential decrease and the position
of the breaking points that can be considered a sample char-
acteristic; these two factors may vary from sample to sample.
Possibly some of the samples were measured in too narrow
temperature limits to show all ranges of the constant slope,
but there seems to be no reason why some samples should
not behave in a somewhat different way, i.e., it is possible
that certain samples have only two or even only one constant
slope of the exponential H . (T) dependence in the whole
ferrimagnetic phase.

The data show that on going from lower to higher tem-
peratures the slope of the H_,(T) plot after the breaking
points can be either lower or higher. As suggested in Ref. 12,
the direction of the change of the H_ (T) slope is deter-
mined by the interaction of the defects and the domain walls.
If the decrease of H,.,(T) is less rapid at higher temperatures
than at lower ones, it is likely. that different sets of mutually
nonequivalent wall-pinning defects exist in the sample. The
defects in different sets are of different quality, strength, and
different temperature dependence of their strength. The
change of slope of the H_(T) curve indicates the tempera-
ture at which a set of defects takes over the dominant role in
the wall coercivity from the previous set of defects. The
process is described in detail in Ref. 12.
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TABLE III. Composition, room-temperature values of domain-wall coercive field (H_,), film thickness (),
zero-fleld stripe domain period { pg), magnetization (47M,), uniaxial anisotropy field (H,), quality factor (Q),
and characteristic length (1) of the garnet specimens taken from the literature. (A-M: measured by domain-wall

oscillation; N-P: measured by bubble translation,)

H., h Po H, i
Specimen Composition {Oe)  (um) {(um) 4aM, (Qe) Q (um)  Ref.
A (EuCaLu)yFeGe)sOp, 03 20 44 585 2620 45 025 17
B (YSmCaLu),(FeGe)s0p; 02 2.0 350 1630 43 027 17
C (YSmCa}(FeGe)s0,, 0.5 5.8 9.6 165 460 38 050 18
D {(YSmCa),(FeGe);0)n 1.1 6.1 16.4 98 60  12.¢ 1.03 18
E (YSmCaLu)y(FeGe)sO,, 0.1 5.1 9.0 235 1200 50 048 19
F (YSmCaLu)y(FeGe)Op 0.2 1400 6.0 19
3 (YSmCalu);(FeGe)sO,, 0.3 1.8 490 723 1.5 0.16 20
H (YSmCaLu)y(FeGe)sO,, 03 - 2.2 339 1259 35 029 20
1 {YSmCaLu)y{FeGe);0,, 0.5 2.5 419 1968 4.7 0.26 20
J (FuFr);(FeAlGa)sO;, 0.9 166 2270 0.76 21
K {BUEr) (FeGa) 0, 14 N7 4620 091 21
L (YEuYb),(FeAl)O,, 0.3 239 1230 038 21
M (TmBi);(FeGa);0,, 0.8 5.0 9.8 200 0.55 22
N (YBiCa),(FeSi)s0,, 0.2 0.9 1000 24
0 (YSmCalu)y(FeGe)O,, 03 5.1 27 60 055 25
P (YSm)(FeGa)sO), 07 39 75 275 1500 042 26

TABLE IV, Number, temperature range, and fitting parameters of the expo-
nential segments of the garnet specimens taken from the literature. (The
specimens were not measured in the full temperature range of ferrimagnetic
phase.)

Number of  Temperature range

exponential  for each segment T (K) H.,, (Oe)
Specimien  segments {K) for each segment
A 2 230-261 44.3 142
261-370 76.7 12
B 2 240-294 51.0 102
294360 51.0 102
C 2 30-128 47.4 78
128310 73.1 30
D 2 80-141 54.5 130
141-320 74.6 65
E 2 230-315 43.0 136
315-360 237 93900
F 2 230-313 42.5 251
313380 61.2 27
G 2 220-309 83.5 13
309-330 31.2 6171
H 2 220-277 49.1 103
277-~380 105.5 5.1
I 2 2203316 103.3 10
316380 44.5 565
¥ 2 250-333 80.8 33
333-355 666.7 0.9
K 2 250-353 58.8 109
353-375 7.2 2.1x10%
L 2 160-272 516 91
272-360 32.3 2140
M 2 160-276 60.4 7.7
276-410 262.8 23
N 2 210-333 118.8 2.8
333-420 625.0 03
Q 2 230-298 344 10
298--350 41.3 408
P 2 230-295 87.1 24
205--340 307.7 2.1

J. Appil. Phys,, Vol. 77, No. 12, 15 June 1995

If the decrease of H . (T) is more rapid at higher tem-
peratures, overlapping of the potential wells of individua)
defects of the same set of pinning traps probably occurs. The
break point marks the interaction of the pinning traps
when—due to the increased temperature—the potential wells
of the defects become broader and their slopes start to over-
lap. This overlapping causes a more rapid decrease of their
slopes than before they started to merge. No case was found
of two breaking points following each other with increasing
slope of the H_ (T) curve with increasing temperature.

In that we measured both directions of the change of the
slopes, it seems probable that both kinds of pinning interac-
tion models exist in epitaxial garnet films.

From the above arguments, it would appear that different
sets of material imperfections are responsible for the pinning
of the domain walls. If this is indeed the case, it can be
expected that by appropriate processing some of the pinning
sets can be annihilated, generated, or at least modified which,
in turn, could modify of the temperature dependence of the
domain-wall coercive field. Systematic investigation of a
large series of processed garnet thin-film samples is presently
under way in our laboratory. The results—hinting as to the
origin of the wall-pinning defects—will be submitted for
publication in the near future.

The described temperature dependence of H.,.,, reflects
the presence, the temperature behavior, and the mutual inter-
action of the wall-pinning traps rather than details of the
walls and their behavior. As mentioned above various meth-
ods can be found for measuring the coercivity. Any direct
comparison of the coercivity values, measured in different
laboratories by different techniques, is not simple because
different samples are used for the measurements in view of
which in a previous paper'” the coercivity was measured on
the same sample by many different methods. The domain-
wall oscillation methods were found to characterize the
domain-wall—defect interactions in the most appropriate way
and actually almost no correlation was found between the
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room-temperature results of the wall oscillation method and
those from bubble translation. In spite of this, similar tem-
perature dependence exists even for the coercivities obtained
by these two different methods. They both show the general
behavior of the exponential dependence of H_,(T), and also
the existence of the breaking points.

Due to the high uniaxial anisotropy the domain structure
of garnet films is usually simple; the direction of magnetiza-
tion inside the neighboring domains is antiparallel and nor-
mal to the films’ surface. The domain walls are 180° Bioch
walls in the center and approach Néel walls at the surface. As
the walls meander, they bow out therefore their thickness
may vary throughout their depth.*” The structure of the walls
depends on the character of the material and also on the
growth conditions. However, the observed and reported tem-
perature dependence of coercivity is believed not to be spe-
cific to the detailed structure of the walls. Measurements
carried out on ion implanted garnet films support this as-
sumption.

The domain walls are not usually simple, divergence-
free Bloch walls even in the center, but contain alternating
Bloch- and Néel-type segments. Néel segments behave like a
wall between the Bloch segments, and are known as Bloch
lines. The presence of these lines distinguishes a so-called
hard wall from a normal one, and there is an increase of the
domain-wall energy in hard walls due mainly to the ex-
change energy of the Bloch lines—as was shown in Refs. 28
and 29. The increased energy of hard walls gives rise to
increased coercivity. Hard walls can be suppressed by ion
implantation,’™®™?' which creates an approximately 0.1 um
thick surface layer with a large number of defects and with
modified anisotropy necessary to eliminate Bloch lines. The
anisotropy change is the highest at a dose of 2X 10* Ne*
jons/cm’ at 80-100 keV energy (for a strain of 1.1%); at
higher doses and strains the implanted layer becomes amor-
phous.

Specimen 1 (Table I) was cut into several pieces of
which two were implanted: one piece was implanted by 80
keV Ne* ions with a dose of 2X10'* ions/cm? to achieve the
highest anisotropy change; another piece of the same speci-
men was implanted by 110 keV Xe ions with a dose of
1% 10" jons/cm? to produce as much damage in the surface
layer as possible. The temperature dependence of the
domain-wall coercive field of these pieces was remeasured
after the ion implantation. No change was observed in the
H_.,(T) curve; the same exponential segments were mea-
sured for a nonimplanted specimen. In spite of the fact that
the fine structure of the domain walls was substantionally
modified, no measurable change was observed in the tem-
perature dependence of coercivity.

V. CONCLUSIONS

The temperature dependence of the domain-wall coer-
cive field of about 30 specimens with more than ten different
chemical compositions of epitaxially grown magnetic gar-
nets is shown and discussed in the present paper. All of the
specimens both from our laboratory and from the literature
behaved in a similar way, i.e., their domain-wall coercive
field dropped piecewise exponentially with increasing tem-
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perature. Up until now, no rare-earth epitaxial garnet has
been found to behave differently. This observation Ieads us
to suggest that this H,,.(7T) dependence is typical for this
group of materials.

As the explanation of the shape of the H_,(T) curves
(see Ref. 12) is connected with a general way of mutual
interaction of the wall-pinning traps rather than with their
concrete origin, similar H,,(T) behavior can be expected in
other materials whose coercivity (the strength of the wall-
pinning traps) is a steep function of temperature.

A detailed survey of materials other than garnets has not
yet been done, but the above assumption is supported by the
measurements of Perlov er al.*? and Della Torre et al.,** who
measured the temperature dependence of coercivity of Tb-
FeCo films used in magneto-optic recording. Their results
seem to be very similar to those obtained on garnets.
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