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Chapterr 5 

Thee magnetic anisotropy of 
DyCoi0V 2 2 

Thee magnetic properties of the ferrimagnetic tetragonal compound DyCoi0V2 

aree characterized by the different temperature dependencies of the Dy- and 
thee Co-sublattice moments. Below Tc = 470 K, the magnetic moments or-
derr parallel to the [001] direction. The Dy-sublattice moment grows strongly 
att lower temperatures, and magnetic compensation occurs at T^mp =118 
K.. A spin reorientation occurs at 42 K, where the ordered moment rotates 
awayy from the [001] direction. This rotation is marked by an anomalous 
increasee of the magnetic moment parallel to the [001] direction. Besides 
thesee effects, DyCoi0V2 shows a large and strongly temperature dependent 
coercivityy at low temperatures. We performed magnetization and neutron-
diffractionn experiments on a single crystal to elucidate the magnetic proper-
tiess of DyCojoVV The results indicate that the coercivity is related to the 
occurrencee of narrow Bloch walls. As the temperature approaches the com-
pensationn temperature, the coercivity diverges. An analysis of the tempera-
turee dependence of the magnetic moment around the spin-reorientation tem-
peraturee was performed by means of the two-sublattice crystal-field model. 
Thiss analysis indicates that higher-order crystal-field terms for the Dy mo-
mentt account for both the spin-reorientation and the anomalous increase of 
thee moment parallel to the [001] direction. 
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5.11 Introductio n 

5.1.11 Investigations on polycrystalline YCo^-xV ^ and 
DyCoi2-iV xx compounds 

Motivatedd by the search for new permanent-magnet materials, different re-
searcherss have focussed their attention on the compounds of composition 
YCoi2-xVx.. In reports by Jurczyk et al. [92,93], the compound YC010V2 
iss reported to exhibit a Curie temperature of 611 K, a saturated magnetic 
momentt at 77 K of 7.2 HB/LU., and an easy-plane type of anisotropy at room 
temperature.. Further research by the same authors [94] made clear that there 
iss a strong dependence of the Curie temperature and the saturation moment 
onn the V content. With x increasing from 1.6 to 3.5, the Curie temperature 
iss reported to decrease from 710 K to below 77 K. At the same time, the 
saturationn moment at 77 K decreases from about 9.85 /ie/f-u. to 0.29 //B/f-u.. 
Easy-planee type of anisotropy was found for 1.6 < x < 3.5. 

Inn another report, by Brabers et al. [95], a Curie temperature of 428 
KK and a saturated moment of 6.8 u-n/i.u. at 4.2 K is found for YC010V2. 
Thesee values are considerably lower than those reported by Jurczyk et al. 
[92-94].. The strong composition dependence of the Curie temperature and 
thee saturation magnetic moment was found also by Brabers et al. [95]. In this 
work,, the Curie temperature was found to decrease from 660 K for x = 1.7 
too 185 K for x = 2.4. The saturation moment at 4.2 K decreases from 8.8 
/ie/f-u.. for x = 1.7 to 3.8 /ie/f.u. for x = 2.6. 

Inn a third report, by Zhang et al. [96], a Curie temperature of 657 K is 
reportedd for YC010V2, and a spontaneous moment of 6.6 fiQ/i.u. at 5 K. The 
easyy magnetization direction at 300 K is reported to be in the basal plane. 

Concerningg the crystal structure, neutron-diffraction experiments have 
beenn performed on a sample of the compound YC09.6V2.4 [11]. They revealed 
thatt the V atoms have a strong preference for the Si crystallographic position 
inn the ThMni2-type of crystal structure. 

Electronic-structuree calculations have been performed on YC010V2 [97]. 
Thesee calculations yielded also magnetic moments. Two configurations for 
thee two V atoms on the 8i crystallographic positions were considered, A 

)) and B (atOO, OaO). These two configurations yield different results 
forr the magnetic moments, 9.11 /is/f-u. for A and 8.11 /ie/f-u. for B. We 
considerr configuration B here, since it best reproduces the experimental re-
sultss described above. Different Co moments were calculated to occur on the 
differentt crystallographic positions occupied by Co, with the 8i Co moment 
largest,, 1.4 HB, a nd 0-9 /IB f° r the Sj position, and 0.8 a  ̂ for the 8/ position. 
Onn the V and Y atoms induced moments were found, oriented antiparallel 
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too the Co moments. The values are 0.3 ^B for Y and 0.5 HB for V, which 
resultss in a moment of 0.9 /XB on the 8i positions. 

InIn a systematic study of RCoi2_a;Vx compounds by Brabers et al. [95], the 
compoundd DyCoioVa was also included. For DyCoioV2, a Curie temperature 
off  442 K was found and magnetic compensation near 100 K. From high-field 
free-powderr measurements, Brabers et al. deduce a intersublattice molecular-
fieldfield coefficient nDyo, of value 5.5 Tf.u.//ie, leading to an intersublattice 
molecular-fieldd coefficient of JüyCo/kB= -8.8 K. Furthermore, a Co-sublattice 
momentt of 8.9 /ie/fu. was derived for DyCoioV2, by taking the Dy-sublattice 
momentt equal to the free-ion value of 10 /ZB- This value for the Co-sublattice 
momentt is anomalously large compared to the 6.8 /is/fu- found for YC010V2. 

Completelyy different properties of DyCoi0V2 were reported by Jurczyk et 
al.al. [98]. They find a Curie temperature of 840 K and a saturation moment 
att 77 K of 7.9 u.Q/f.u.. Furthermore, two spin-reorientations were found. At 
highh temperatures, the magnetic moments were found parallel to the [001] 
direction.. Near room temperature, a conical moment arrangement is found, 
andd below 10 K the easy magnetization direction is in the crystallographic 
plane. . 

Inn a follow-up to the work of Brabers et al., Zhang et al. [99] made a 
moree detailed investigation of the magnetic properties of DyCoi0V2. They 
findd that the easy magnetization direction of DyCoioV2 is parallel to the 
[001]]  direction at room temperature and report magnetic compensation near 
1200 K. Furthermore, a spin-reorientation transition is observed near 41 K, 
presumablyy to an easy-cone configuration. The authors conclude from this 
behaviorr that the anisotropy of DyCoi0V2 is dominated by the Dy-sublattice 
anisotropy.. Higher-order crystal-field terms are supposed to be responsible 
forr the spin-reorientation near 41 K. From the shape of hysteresis loops 
measuredd on a field-aligned-powder sample, it is concluded that a large and 
stronglyy temperature dependent coercivity exists in DyCoioV .̂ In a later 
publication,, Zhang et al. [100] describe the magnetization at low tempera-
turess in terms of the occurrence of different types of particles in the samples. 

Finally,, Kuz'min et al. [15] performed density-functional electronic-struc-
turee calculations for ThMni2-type compounds. They obtained values for the 
crystall  field coefficients describing the anisotropy of the Dy sublattice in 
DyCo10V2. . 
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5.22 Experimental results 

5.2.11 Sample preparation and characterization 

AA single-crystalline rod of DyCoio V2 of nominal composition was grown from 
thee melt in the modified Czochralsky equipment at the FOM-ALM OS cen-
tree at the Van der Waals-Zeeman Instituut of the Universiteit van Ams-
terdamm [53]. Samples cut from this rod were shown by x-ray diffraction 
too have the tetragonal ThMni2-type of structure. Electron microscopy and 
electronprobee micro-analysis (EPMA) have shown that tiny parts on the pe-
ripheryy of the cut sample have a deviating, Co-rich, composition. For the 
presentt investigation, we will assume that the influence of these impurities 
iss of minor importance. The composition of the main phase was found to be 
DyC010.12Vi.88)) which is in good agreement with the nominal composition. 
Forr our measurements, several different samples were used. In view of the 
strongg composition dependence of the magnetic properties, see above, they 
weree characterized magnetically below room temperature and found to have 
thee same properties. 

5.2.22 High-temperature magnetic properties 

Inn order to determine the Curie temperature of DyCoi0V2 a measurement 
inn the Faraday balance was performed. For this measurement a small piece 
fromm the single-crystalline rod was used. The measuring field was 0.1 T. 
Thee results are shown in Figure 5.1. The Curie temperature is taken as the 
temperaturee where the derivative of the magnetization as a function of tem-
peraturee is minimal, shown in the inset. This leads to a Curie temperature 
off  470 (5) K, which is near the 442 K reported by Brabers et al. [95]. 

5.2.33 Neutron diffractio n in zero field 

Forr the neutron-diffraction experiment a small spherical sample of diameter 
1.33 mm (mass ~ 9 mg) was cut. The crystal was characterized using the 
instrumentt El at the HMI, Berlin, configured as a two-axis diffractometer. 
Thee neutron wavelength was 2.42 A. The sample was mounted with the [001] 
directionn parallel to the measurement axis. We collected 11 independent 
(hkO)) reflections at 5, 50, 115, 300, and 500 K. Refinements based on the 
measuredd squares of the structure factors were performed by the program 
MAGLSQQ of the Cambridge Crystallography Subroutine Library (CCSL) 
[67].. For the neutron-scattering lengths, the values br>y = 1690 fm, 6co = 
249.00 fm and &v = -38.2 fm were used [65]. For the magnetic calculations, 

http://DyC010.12Vi.88
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Figuree 5.1: High-temperature magnetization of DyCoio Vi as a function of tem-
perature.perature. The inset shows the derivative ^jr, from which TQ is determined as 
470(5)470(5) K. The line is a guide to the eye. 

analyticall  dipole approximations of the radial integrals, <jo> and <J2> for 
thee Dy3+ ion and <jo>  for the Co3+ ion, were used [66]. 

Wee observed that the sample consists of a few equally sized grains with 
orientationss that are a few degrees apart. The reflections contained over-
lappingg Gaussian curves. It was difficult to determine the intensities of the 
reflectionss by means OÏLJ-26 scans, because there is always a varying amount 
off  intensity from secondary grains. Therefore, the integrated intensities were 
determinedd by means of w-scans. 

Sincee the number of independent reflections is small, the number of pa-
rameterss to be refined was kept as small as possible, to obtain statistically 
relevantt refinements. As a guide to determining the relevance of the refined 
models,, we used the goodness-of-fit-parameter G [101]. If G approaches 1, 
thee model is consistent with the correctly weighted data. 

Al ll  measured reflections could be indexed according to the IA/mmm space 
groupp of the ThMn^-type of crystal structure. We assumed that the V ion 
hass a complete preference for the 8i crystallographic site, as was previously 
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Atom m 
Dyy (2a) 
Coll  (8/) 
Co22 (Sj) 
Co3Co3 (Si) 
V(8i ) ) 

x/a a 
0 0 

1/4 4 
0.277(5) ) 
0.368(12) ) 
0.368(12) ) 

y/b b 
0 0 

1/4 4 
1/2 2 
0 0 
0 0 

z/c c 
0 0 

1/4 4 
0 0 
0 0 
0 0 

Sisoo (A") 
6.0(3) ) 
6.0(3) ) 
6.0(3) ) 
6.0(3) ) 
6.0(3) ) 

occ. . 
1 1 
1 1 
1 1 

0.52(7) ) 
0.48(7) ) 

Measuredd reflections: 42 
Independentt reflections: 11 

AA : 2.42 A 
sinO/X:sinO/X: < 0.36 A 

R:R: 5.6 
Gof:: 1.12 

Tablee 5.1: Crystallographic parameters determined by neutron diffraction at 500 
KK (paramagnetic). The refinement factor R = £ Î L> ~ Fcalc\l^Fobs' and *^e 

goodness-of-fitgoodness-of-fit parameter Got = [Y,w[FZba ~ Fc<dc]2/(Nobs ~ Nvar)]
1/2 character-

izeize the quality of the refinement. 

foundd for the isostructural compound YC010V2 [11]. The 500 K (above Tc) 
sett of reflections was first refined allowing variation of the positional param-
eterss for the 8i and 87 crystallographic sites, the occupancy of the 8z site 
andd an overall isotropic thermal factor. Extinction was not included, which 
iss reasonable, since the crystal is very small and not of a very good quality. 

Thee results for the refinement of the 500 K data are summarized in Ta-
blee 5.1. The positional parameters for the Si and Sj sites agree with those 
foundd in literature for similar compounds [8], and for YCoioTiï [11]. The Si 
sitee was found to be occupied for 52 (7)% by Co and for 48 (7)% by V ions. 
Notee that this occupancy of the Si site leads to a composition DyCoi0.iVi. 9, 
whichh is in excellent agreement with the EPMA results and the nominal 
composition.. Concerning the refined overall thermal factor, a value of 6.0(3) 
AA is unphysically large. However, the effect of absorption as a function of 
thee scattering angle on the integrated intensities has a similar shape as the 
effectt of thermal vibrations [64]. Especially Dy, but also Co, are well known 
neutronn absorbers [65,102]. 

Forr the lower temperature sets, the positional parameters and the oc-
cupancyy of the 8i site were fixed. The Co moment (the same for all Co-
containingg sites), the Dy moment and an overall thermal factor were left free 
too vary. The magnetic moments were constrained along the [001] direction. 
Att 115 K and lower, the Co moment was found not to vary significantly 
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Temperature e 
Mvyifiz/Dy) Mvyifiz/Dy) 
AM/VCo ) ) 

BisofA2) ) 
R R 

Got Got 

3000 K 
-2.566 (11) 
0.799 (4) 
6.555 (8) 

1.1% % 
0.28 8 

1155 K 
-6.699 (10) 

1.1 1 
5.966 (13) 

1.6% % 
0.67 7 

500 K 
-8.077 (16) 

1.1 1 
5.877 (21) 

2.2% % 
1.03 3 

5K K 
-8.422 (19) 

1.1 1 
5.711 (27) 

2.6% % 
1.50 0 

Tablee 5.2: Magnetic moments parallel to the [001] direction determined 
byby neutron diffraction at 300, 115, 50 and 5 K. The refinement fac-
tortor R = £ \F 8̂ - i ^ d / E i ^ , , and the goodness-of-fit parameter Goi = 
[EE w[Foba - F%aic]

2/(N°b* ~ Nvar)] characterize the quality of the refinements. 

anymore,, so that it was fixed. For the set taken at 5 K, below the spin-
reorientationn temperature, we also allowed the moments to make an angle 
withh the [001] direction. This did not yield an improvement of the goodness-
of-fitt parameter or the refinement factor. It is however worth mentioning 
thatt the size of the Dy moment and the angle with the [001] direction were 
foundd to be strongly correlated. The results of the refinements of the 300, 
115,, 50, and 5 K data are summarized in Table 5.2. 

Fromm the neutron-diffraction results it can be concluded, that the Dy mo-
mentt grows down to the lowest temperature, antiparallel to the Co moment. 
Thee Co moment increases at least down to 300 K. The refined Co moments 
aree definitely larger than expected, because 115 K is near the compensa-
tionn temperature, where the mutually compensating Dy and Co magnetic 
momentss are equal. 

Itt should be mentioned that the refined Dy moment does not reach the 
free-ionfree-ion value of 10 /iB- Discrepancies between these results and magnetiza-
tionn measurements are at least partially due to the low number of reflections 
obtainedd in the neutron-diffraction experiment and the subsequent low statis-
ticss of the refinements. 

5.2.44 High-field magnetization measurements 

Forr the high-field measurements1, we used a single crystalline sphere with 
aa diameter of 2 mm. The experiments were performed at 4.2 K, in applied 
fieldsfields up to 38 T. 

!Inn this chapter demagnetizing-field effects are not taken into account, because they 
aree small. The demagnetizing field is estimated to amount to about 30 mT/(^B/f-u.) for 
thiss sample. 
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'.'. Dyco10v2 

B//[001] ] 

7 7 

6 6 

5 5 

a££ 4 
CD D 

2 2 

1 1 

0 0 

Figuree 5.2: High-field magnetization of DyCo10 V2 measured at 4.2 K /or tfie field 
appliedapplied parallel to the [001] direction, measured with decreasing semicontinuous 
field.field. The solid lines were measured with continuously increasing and decreasing 
fields. fields. 

Inn Figure 5.2, the magnetization for B / / [001] is shown, measured both 
withh increasing and decreasing field strengths. Starting at zero fields, with 
increasingg field strength the magnetization initially has a very low value, and 
then,, near 2 T the sample suddenly becomes magnetized, and remains mag-
netized,, even after the field has been removed. This effect will be discussed 
inn detail below. Up to about 10 T, the magnetization increases linearly with 
increasingg field strength. In fields higher than 10 T, the increase becomes 
larger.. The magnetization amounts to about 6 /is/fu. at 38 T. The magne-
tizationn extrapolated to zero field amounts to about 1.7 /uB/fu.. 

Figuree 5.3 shows the high-field magnetization for fields applied parallel to 
thee [100] and the [110] directions. Hardly any difference is observed for these 
twoo isotherms. For both directions, the magnetization increases linearly with 
increasingg field strengths, reaching about 6.5 /iB/f-u. at 38 T. Extrapolated 
too zero fields, The magnetization for both planar directions amounts to about 
0.66 /uB/f.u.. 
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Figuree 5.3: High-field magnetization of DyCo\oV2 measured at 4.2 K fcot/i for 
thethe field applied parallel to the [100] and the [110] direction. The symbols represent 
semicontinous-fieldsemicontinous-field measurements, the lines continuously-decreasing field measure-
ments. ments. 

Fromm the high-field magnetization results for the main crystallographic di-
rections,, we can conclude that the easy magnetization direction of DyCoioV2 
att 4.2 K is a cone around the [001] direction. The angle of the moment with 
thee [001] direction, 0[ooi], can be estimated using the values for the moment 
parallell  to the main directions in zero field. It is given by tanÖpi] = 0.6/1.7, 
whichh leads to #[ooi] = 19°. 

Figuree 5.4 shows the high-field magnetization at 4.2 K, in which the 
samplee was free to rotate in the applied field. The dashed line shows the 
magnetizationn isotherm of the sphere, cooled in zero field, measured with 
decreasingg fields from 38 T. In this measurement, the magnetization increases 
almostt linearly up to 38 T. In zero field, the magnetic moment amounts to 
aboutt 0.7 /xB/f-u., and reaches about 6.4 /ZB/I-U. in 38 T. Note that this 
isothermm is very similar to the isotherms obtained for the [100] and the [110] 
directions. . 

AA completely different magnetization isotherm was measured for the sam-
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88 I i | i | i | i i i 1  i 1 i | i 

B(T) ) 

Figuree 5.4: High-field free-crystal magnetization of DyCow Vj measured at 4.2 K 
fto£Afto£A /or ifte zero-field cooled sample (dashed line) and the sample cooled in a field 
ofof approximately 0.3 T (full line). The zero-field cooled sample was multi-domain 
throughoutthroughout the measurement, with an equal distribution of domains parallel and 
antiparallelantiparallel to the [001] direction. The field-cooled sample was single domain with 
respectrespect to the [001] direction. 

piee cooled in a field of about 0.3 T. It is shown in Figure 5.4 as a full line. 
Thiss measurement can be divided in two parts. Starting from the lowest 
appliedd fields, the magnetization starts at about 1.8 /xe/f.u. in zero field, 
andd slightly increases almost linearly with the applied field up to about 10 
T.. There, in a small field interval, the isotherm seems to coincide with the 
isothermm measured on the zero-field cooled sample. Above about 12 T, the 
magnetizationn increases linearly with increasing field up to 38 T, reaching 
aboutt 7.3 /Lie/f-u. at 38 T. The magnetization of the field-cooled sample 
exceedss that of the zero-field cooled sample in the whole applied-field range. 
Notee that up to about 11 T, this isotherm is very similar to the isotherm 
obtainedd for the [001] direction. 

Fromm these high-field free-crystal measurements, it may be concluded that 
thee zero-field cooled measurement is in fact measured with the field applied 
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parallell  to the crystallographic plane. Apparently the sample fails to become 
singlee domain even in fields as high as 38 T, retaining a 50/50 distribution 
off  domains parallel and antiparallel to the [001] direction. The similarity 
betweenn the low-field parts of the field-cooled free-crystal isotherm and the 
isothermm measured with B / / [001] may be interpreted as follows. None of the 
directionss in the cone around the [001] direction is most favored. Therefore, 
thee sample orients itself with the [001] direction parallel to the applied field. 

Thee field dependence of the magnetization below 11 T, for the field-cooled 
free-crystall  (and for B // [001]) may be interpreted as due to a reduction of 
thee cone angle with increasing field. Then, assuming that near 11 T the cone 
iss closed and that the Dy-sublattice moment equals the free-ion moment of 
100 Ate/Dy, we can estimate the Co-sublattice moment as MQJ = 10 - 2.2 = 
7.88 fiB/'Co (Mr>y is larger than MQ0)-

Thee intersublattice molecular-field coefficient noyCo is obtained from the 
linearlyy increasing part of the field-cooled high-field free-crystal isotherm 
betweenn 12 T and 38 T. We find a value of noyCo = 5.6 Tf.u.//iB, which is 
nearr the previously reported value of 5.5 T f.u.///B [95]. With a Co-sublattice 
momentt of 7.8 / /B/CO the intersublattice-molecular field amounts to 43 T. 

5.2.55 Magnetization isotherms at elevated tempera-
tures s 

Forr the experiments described below, a bar-shaped sample with dimensions 
1x1x22 mm2 was used. The [001] direction was parallel to one of the short 
sides,, the other short side, and the long side were parallel to the [100] and 
[010]]  directions, respectively. The magnetic isotherms measured at 300, 200, 
andd 100 K in directions parallel to the [001] direction and parallel to the 
[100]]  direction are shown in Figs. 5.5a-c. All these measurements were made 
withh increasing field strength. At these temperatures, the coercivity, to be 
describedd below, is very small and does not interfere with the initial shape of 
thesee isotherms. It can be derived from the results shown in Figs. 5.5a-c that 
thee easy direction is along the [001] direction at all three temperatures. The 
mutuallyy antiparallel Dy- and Co-sublattice moments will bend towards each 
otherr in the applied field if the field is perpendicular to the [001] direction. 
Forr this reason, the net moment may become higher in comparatively high 
fieldsfields than when measurements are made with the field applied parallel to the 
[001]]  direction. This may explain the crossing of the isotherms in Figs. 5.5a 
andd c. 
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Figuree 5.5: Magnetic isotherms measured of DyCoio V2 at 300 K (a), 200 K (b) 
andand 100 K (c) with the field parallel to the [001] direction and parallel to the [100] 
direction.direction. All these measurements were made with increasing field. 
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Figuree 5.6: Hysteresis loop of DyCoio V2 measured at 5K. The data were obtained 
byby cooling the aligned single crystal to 5 K in zero field and measuring first the 
virginvirgin magnetization curve. 

5.2.66 Results for B / / [001]: coercive properties 

Thee hysteretic behaviour of DyCoi0V2 at 5 K is shown in Fig. 5.6. These 
resultss were obtained by cooling the aligned single crystal to 5 K in zero 
fieldfield and measuring first the virgin magnetization curve. The presence of 
highh coercivity in conjunction with the small slope of the virgin curve can be 
takenn as a signature of the presence of narrow domain walls [103-106]. These 
narroww walls are strongly pinned to magnetic obstacles of atomic dimensions. 
Thee strong increase of the magnetization on the virgin curve at Bp = 2 T 
markss the propagation field Bp at which the external field is able to detach 
thee narrow walls from the pinning sites. At higher fields, the walls are re-
movedd from the crystal. Upon decreasing the field from 5 T into the region 
off  negative fields, reversed domains and domain walls can be nucleated but 
thee movement of the domain walls is impeded by the pinning sites, so that 
thee reversed domains cannot grow. This becomes possible again only for 
negativee fields equal in magnitude to the propagation field, meaning that the 
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Figuree 5.7: .FieM dependence of the magnetization of DyCo\{jV2 measured after 
coolingcooling the aligned single crystal in zero field. The lines serve as guides to the eye. 
TheThe compensation temperature is indicated by an arrow. 

absolutee value of the coercive field is equal to the propagation field, Bc = Bp. 
Measurementss made at several other temperatures reveal essentially the same 
behaviour.. Results are displayed in Fig. 5.7 where it can be seen that the 
propagationn fields are strongly dependent on temperature. The temperature 
dependencee of BP (or Bc) of the single crystal is shown in Fig. 5.8. Starting 
att 2 K, the intrinsic coercivity first decreases with increasing temperature. It 
seemss to diverge around 120 K and at still higher temperatures it continues 
too decrease. Before discussing this unusual temperature dependence of the 
coercivityy we will first discuss the temperature dependence of the magneti-
zationn because both temperature dependences are strongly correlated. 

Resultss of measurements of the temperature dependence of the magne-
tizationn made at various fields applied along the [001] direction are shown 
inn Fig. 5.9. Curve A was obtained after cooling the crystal to 5 K in zero 
fieldfield and measuring in a relatively small field of only 0.05 T. Under these 
conditions,, the magnetization at 5 K can be represented as a point on the 
virginn curve. The sample is practically in the demagnetized state and the 
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Figuree 5.8: Temperature dependence of the coercive field of DyCowV2. The inset 
showsshows a plot of B~l vs. T. The lines serve as guides to the eye. The spin-
reorientationreorientation temperature and the compensation temperature are indicated by ar-
rows. rows. 

magnetizationn remains low up to about 180 K. At this temperature, the co-
ercivityy has apparently dropped below the value of the measuring field and 
att temperatures above 180 K the sample becomes magnetized in the measur-
ingg field. This is revealed by the strong increase of the magnetization with 
increasingg temperature. This magnetized sample was subsequently cooled 
againn to 5 K and measurements were repeated in higher field strengths. Un-
derr these conditions, the magnetization at 5 K can be represented as a point 
onn the upper branch of the hysteresis loop, and the temperature dependence 
off  the magnetization of curves B and C in Fig. 5.9 can be taken as a mea-
surementt of the homogeneously magnetized sample, not affected by domain 
walls.. As done previously [99], we attribute the discontinuity at TST = 42 K 
too the occurrence of a spin reorientation and the sharp minimum at Tcomp = 
1200 K to mutual cancellation of the Dy- and Co-sublattice magnetizations 
att this temperature. 

Curvee A in Fig. 5.10 was obtained with the same small measuring field 
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Figuree 5.9: Temperature dependence of the magnetization of DyCoioV2 made with 
fieldsfields of various strengths applied along the [001] direction. The thermal histories 
ofof the measurements are described in the text. The spin-reorientation temperature 
andand the compensation temperature are indicated by arrows. 

(0.055 T) as curve A in Fig. 5.9, the only difference being that the sample 
wass magnetized in 5 T before the measurements. At 5 K, the magnetization 
correspondss to a point on the upper branch of the hysteresis loop and, in 
thee lower temperature range, curve A in Fig. 5.10 shows the same features as 
curvess B and C in Fig. 5.9. However, because the measuring field is still below 
thee coercive field at Tcomp, the total magnetization is not able to re-adjust 
itselff  according to the applied field when it has reversed its direction for 
T >> Tcomp. The measured magnetization remains therefore negative until the 
measuringg field becomes stronger than the coercivity at about 180 K. Curve 
BB in Fig. 5.10 shows the result obtained in a field of 1 T, similar to curve B 
inn Fig 5.9. The difference with the latter curve is that curve B in Fig. 5.10 
wass obtained by starting from the demagnetized state at 5 K. Inspection of 
thee data in Fig. 5.6 shows that the magnetization in 1 T at this temperature 
stilll  corresponds to a point on the virgin curve. This situation persists up to 
aboutt 35 K. As can be seen in Figs. 5.7 and 5.8, the value of Bc has dropped 
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Figuree 5.10: Temperature dependence of the magnetization of DyCoioV2 infields 
ofof various strengths applied along the [001] direction. The thermal history of these 
measurementsmeasurements are described in the text. 

too below the measuring field at this temperature. This means that increasing 
temperaturee leads to a strong jump in the magnetization and, above 35 K, 
curvee B in Fig. 5.10 can be regarded as representing points lying on the 
upperr branch of the hysteresis loop. From there on, curve B in Fig. 5.10 is 
noo longer different from curve B in Fig. 5.9. It follows from these results that 
aa reliable shape for a curve representative for the temperature dependence 
off  the spontaneous magnetization can only be derived from magnetization 
valuess corresponding to the upper branch of the hysteresis loop, like curves 
BB and C in Fig. 5.9. These curves show that MS(T) initially decreases with 
increasingg temperature. After vanishing at Tcomp it increases again. 

Wee will now return to the temperature dependence of the coercivity shown 
inn Fig. 5.8. 

Accordingg to the model proposed by Barbara and Uehara [106], the tem-
peraturee dependence of the coercivity can be described by the expression 

l/B c(T)) = l /B c(0)+aT, (5-1) ) 
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wheree a is proportional to the spontaneous magnetization over the wall en-
ergyy squared, a <xM8/7

2. j 2 is proportional to the product of the average 
exchangee energy and the average anisotropy energy. The average exchange 
energyy is composed of the Dy and Co intrasublattice contributions and the 
Dy-Coo intersublattice contribution. In the lowest temperature region, only 
thee Dy intrasublattice exchange energy is expected to be temperature depen-
dentt and to lead to some decrease of the average exchange energy with in-
creasingg temperature. Also the average anisotropy energy is composed of Dy-
andd Co-sublattice contributions. In the lowest temperature range, the latter 
cann be regarded as temperature independent whereas the Dy-sublattice con-
tributionn is expected to fall off with increasing temperature. Qualitatively, 
onee may expect therefore that j 2 decreases with increasing temperature in 
thee lowest-temperature range. Prom the temperature dependences of curves 
BB and C in Fig. 5.9, one may furthermore derive that also Ms decreases 
withh increasing temperature in the lowest-temperature range. Because in 
thiss range both Ms and 72 decrease with increasing temperature, the over-
alll  result may be that a <xM8 j")2 is hardly temperature dependent in the 
lowest-temperaturee range. It means that one may expect 1/BC to vary lin-
earlyy with temperature, a behaviour that, in Fig. 5.8 (inset), is seen to be 
fairlyy well obeyed up to about 65 K. 

Itt is relatively unimportant whether 72 becomes less or more tempera-
turee dependent above 65 K. Because of the presence of the compensation 
temperaturee where M5 = 0, one derives from Eq. 5.1 that Bc is expected to 
divergee at this temperature. This fact is clearly revealed in the experimental 
dataa shown in Fig. 5.8. 

5.2.77 Temperature dependence of the cone angle 

Inn order to obtain accurate values for the angle of the spontaneous moment 
withh the [001] direction as a function of temperature, we measured both the 
parallell  and perpendicular components of the magnetization2 with respect 
too the applied field. For this experiment, we used the spherical sample also 
usedd in the high-field experiments. We oriented the crystal such that the 
fieldfield was applied in the (100) plane, making an angle of 60° with the [001] 
direction.. It should be noted here, that experiments with the field applied in 
thee (110) plane yielded results that were not significantly different from the 
resultss presented here. 

2I nn these experiments, we observed that the moment does not rotate out of the (100) 
plane.. Therefore, the magnetization process is two-dimensional, and it suffices to mention 
onlyy the parallel and perpendicular components. 
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Wee measured in fields decreasing from 5 to 0.5 T at temperatures between 
55 and 65 K. It was observed that a field of 5 T is sufficient to make the sample 
singlee domain with this orientation. 

InIn Figure 5.11, the parallel (Mp„) and perpendicular (M^^) compo-
nentss of the magnetization, as well as the vector sum (M tot), measured at 
500 K, above the spin-reorientation temperature, are shown. With increasing 
field,field, Mpar increases linearly, while Mperp decreases linearly. This indicates 
aa rotation of the magnetic moment towards the applied field direction. Ex-
trapolatedd to zero fields, M tot has a value of about 1.1 /xs/f.u., which is very 
nearr the value obtained previously for B / / [001]. This indicates that the 
magneticc moment is saturated throughout this measurement. With increas-
ingg field strength, a slight increase of M tot is observed. This increases may be 
relatedd to a bending towards each other of the mutually antiparallel Co- and 
Dy-sublatticee moments, causing them to compensate each other to a lesser 
extent.. On the other hand, it may be related to a high-field susceptibility of 
thee compound. 

Byy simple geometry, the angle of the magnetic moment with the applied 
fieldfield direction 0B can be obtained. The inset in Figure 5.11 shows OB as a 
functionn of applied field. Extrapolated to zero field, 6B is slightly below 60°, 
ass expected from the alignment of the crystal. 

Thee results obtained at 5 K, below the spin-reorientation temperature, 
aree displayed in Figure 5.12. As above, both M  ̂ and Mtot increase nearly 
linearlyy with increasing field, while Mperp decreases. The inset shows 6B as 
aa function of applied field. Extrapolated to zero field, 9B is slightly below 
45°.. This indicates, that the easy magnetization direction has changed from 
parallell  to [001] at 50 K, to a direction that is canted by about 14° with 
respectt to the [001] direction at 5 K. 

Valuess for 0B in zero field and the spontaneous moment Ms at various 
temperaturess between 5 K and 65 K were obtained by extrapolation. We ob-
tainedd the angle of the spontaneous moment with the [001] direction, #[ooi]> by 
subtractingg 0B at zero field from 60°. The results are displayed in Fig. 5.13. 
Withh decreasing temperature, the angle 0[ooi] increases from 0° above the 
spin-reorientationn temperature of 42 K to about 14° at 5 K. This increase is 
rapidd just below 42 K and saturates upon approaching the lowest tempera-
tures.. The spontaneous moment Mg increases with decreasing temperature, 
apparentlyy approaching saturation slightly above 42 K. Just below 42 K, 
however,, it shows an anomalous rapid increase with decreasing tempera-
turee that saturates upon approaching the lowest temperatures, similar to the 
temperaturee dependence of 0[ooi]- Note that results agree fairly well with the 
high-fieldd measurements. 
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Figuree 5.11: Parallel (Mp^T) and perpendicular (MpeTp) components and the vector 
sumsum (Mtot) of the magnetization of DyCow Vi measured at 50 K with decreasing 
field.field. The lines are guides to the eye. The field was applied in the (100) plane, 
makingmaking an angle of 60° with the [001] direction. The inset shows the angle 6B of 
MMtottot with the applied field direction as a function of applied field. 

5.33 Analysis 

5.3.11 The spin-reorientation: higher-order CF effects 

Thee following is an attempt to describe the phenomenology of the spin re-
orientationn at 42 K. Below the spin-reorientation temperature, the magnetic 
momentt rotates away from the [001] direction, which is the easy direction 
abovee 42 K. At the same time, the projection of the magnetic moment on 
thee [001] direction increases sharply, resulting in an anomalous temperature 
dependencee of the magnetic moment when measured parallel to [001]. The 
samee increase below TSR was found for an aligned polycrystalline powder 
samplee [99], where it was noted to be probably due to the distribution of 
thee alignment of the grain particles and the easy-cone configuration of the 
magneticc moments within the grains. Our investigations point at another 
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Figuree 5.12: Parallel (Mp&1) and perpendicular (MpeTV) components and the vector 
sumsum (Mtot) of the magnetization of DyCoio Vi measured at 5 K with decreasing 
field.field. The lines are guides to the eye. The field was applied in the (100) plane, 
makingmaking an angle of 6CP with the [001] direction. The inset shows the angle 9B of 
M tott with the applied field direction as a function of applied field. 

mechanism,, since we found the same effect for the single crystal. 

I tt was also noted [99], that the spin reorientation from easy-axis to easy-
conee is probably due to higher-order crystal-field effects. To verify this, we 
analyzedd the magnetic moment as a function of temperature in zero applied 
field.field. We used a computer program that calculates the spontaneous magnetic 
momentt and its angle with the [001] direction by minimizing the free energy 
inn the two-sublattice crystal-field model (Section 2.5). 

Ourr analysis is based upon a few assumptions. We assume that the Co-
sublatticee anisotropy constant is temperature independent and equal to K\£o 
== -10 K/f.u. (This leads to an easy-plane preference with an anisotropy field 
off  about 4 T for the Co sublattice). It should be noted that we also tried 
other,, reasonable, values for the Co-sublattice-anisotropy constant. The in-
fluencee of the Co-sublattice anisotropy on the spin-reorientation transition 
andd on its mechanism was found to be small. We further assumed that the 
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Figuree 5.13: 27ie spontaneous moment (Ms) of DyCo\§Vi and the angle of the 
spontaneousspontaneous moment with the [001] direction (9poi])i obtained from vector mea-
surementssurements as a function of temperature. The lines are guides to the eye. 

Coo moment is constant, at least up to about 150 K. To account for a Dy mo-
mentt that is possibly smaller than the free-ion moment of 10 /J,B, the value of 
thee Co moment is derived from the experimental magnetization for every set 
off  crystal-field coefficients. The strength of the molecular field on the Dy mo-
mentt was also taken to be constant. The value of the molecular-field strength 
was,, for this analysis, determined from the temperature dependence of the 
magneticc moment between 100 and 150 K. This temperature dependence is, 
inn this simple approach, completely determined by the temperature depen-
dencee of the Dy moment. We found that, as the values of the crystal-field 
coefficientss are changed (within the limits of our analysis), at a given temper-
ature,, the Dy moment changes significantly. However, the change in absolute 
valuee of the Dy moment between about 100 and 150 K does not depend very 
muchh on the values of these coefficients. Therefore, the calculations for dif-
ferentt sets of crystal-field coefficients result in parallel curves of the magnetic 
momentt as a function of temperature between 100 and 150 K. These curves 
cann be shifted to match the experimental data, by changing the Co-sublattice 
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moment.. In this way, we find for the molecular field a value of 49 T, which is 
comparablee to the value of 43 T from the free-sphere-magnetization experi-
mentt (Section 5.2.4). Finally, we have assumed the crystal-field coefficients 
A\A\ and A% to be equal to zero. In our experiments, we find no clear differ-
encee between the magnetization isotherms measured with the field applied 
parallell  to the (110) and parallel to the (100) plane. This means that the 
coefficientss A\ and A% do not play a crucial role in the mechanism of the 
spinn reorientation. There are three coefficients to be determined, A%, A\ and 
A%.A%. A large number of sets can be found that produce a spin reorientation 
nearr 42 K. For a given value for A%, values for A\ and A% can be found that 
producee a spin reorientation at 42 K. For our purpose here, finding a phe-
nomenologicall  description of the spin-reorientation transition, it is sufficient 
iff  J4° is positive and large enough, because the moments stay parallel to [001] 
upp to high temperatures. We took a value for A% of 80 K O,Q2, which may be 
justifiedd because it was also found for the related compound GdConTi by 
meanss of Mossbauer spectroscopy [91]. 

Forr comparison, in Figure 5.14, we show the results of three such calcula-
tions.. In this figure, the spontaneous moment as a function of temperature, 
and,, in the inset, its angle with the [001] direction, are shown. The dots are 
thee experimental results, and the lines are the results of calculations. 

Thee full line, I, is calculated with crystal-field coefficients A® = 80 K O,Q2, 
A°A°44 = -10 K a^4, and A% = 0 K ÜQ 6. The value of Mo, obtained in this calcu-
lationn is 7.7 /is/f-u.. For this set of coefficients, the value of M as a function 
off  temperature shows hardly any discontinuity at the spin-reorientation tem-
perature,, whereas it is observed in the temperature dependence of 0[ooi], that 
thee spin-reorientation occurs near 41 K. The angle éfyoi] reaches about 20° 
att the lowest temperature. The value of Mpy at 5 K is calculated to be equal 
too the free-ion value of 10 ^B-

Thee dashed line, II , is calculated with crystal-field coefficients A% - 80 K 
a "̂2,, A°4 = 0 K a^4, and A% = 2.2 K a^6. The value of Mo, obtained in this 
calculationn is 7.8 /iB/f-u.. For this set of coefficients, a slight discontinuity 
forr Ms as a function of temperature is observed at the spin-reorientation 
temperature.. The angle 0[ooi] reaches about 19° at the lowest temperature. 
Thee value of Mpy at 5 K is 9.9 /iB, which is slightly below the free-ion value 
off  10 /zB. 

Finally,, the dotted line, III , is calculated with crystal-field coefficients A% 
== 80 K a^2, A°4 = 40 K a^4, and A% = 10 K a^6. The value of Mo, obtained 
inn this calculation is 7.9 ^e/f-u.. For this set of coefficients, the temperature 
dependencee of Ms, including the discontinuity at the spin-reorientation tem-
perature,, nearly reproduces the experimental values. Also the temperature 
dependencee of 0[ooi] is nearly the same as the experimental value, reaching a 
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Figuree 5.14: The spontaneous moment (Ms) of DyCo^Vi and the angle of the 
spontaneousspontaneous moment with the [001] direction (inset) (9\ooi]) as a function of tem-
perature.perature. The lines I, II, and III,  are the results of crystal-field two-sublattice 
calculations,calculations, see text. The symbols are experimental results. 

valuee of about 15cat the lowest temperature. For this calculation, the value 

off  Moy is equal to 9.6 fis at 5 K. 
Althoughh the final values of the crystal-field coefficients, the intersub-

lattice-exchangee energy and the Co-anisotropy constant were not sufficient 
too reproduce the results of the high-field magnetization measurements, the 
phenomenologyy of the spin reorientation in DyCoi0V 2 is described very well. 
Wit hh these parameters, the near saturation of the spontaneous moment above 
thee spin-reorientation temperature is related to a mixed state of the Dy 
(2J+1)) 4f levels with a moment of about 9.1 pB at 42 K. A calculation with 
aa molecular field of 49 T that is fixed parallel to the [001] direction, shows 
thatt the Dy moment would become smaller below about 42 K, reaching, at 0 
K,, a value of 8.66 /zB (which is equal to gj{J - 1) = f-f) . This would imply 
aa reduction of the intersublattice-exchange energy with decreasing tempera-
ture.. By rotating the molecular field slightly away from the [001] direction, 
thee intersublattice-exchange energy can become slightly larger, instead of 
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smaller,, with decreasing temperature. However, the Dy moment does not 
reachh the value of the free-ion moment of 10 ^B at the lowest temperature. 

Thee value of the intersublattice-molecular field obtained from the high-
fieldd free-crystal measurement amounts to 43 T (Section 5.2.4), with a Co-
sublatticee moment of 7.8 JLIB and an intersublattice molecular-field coefficient 
flDyCoflDyCo = 5.6 Tf.u./^B- This agrees fairly well with the 49 T obtained here 
andd indicates that the bending process above 12 T involves the full free-ion 
Dyy moment. Furthermore, the increase of the magnetization of about 0.5 
/ZBB from zero field up to about 11 T could, besides the previously mentioned 
closingg of the cone, be due to an increase of the Dy-sublattice magnetization, 
reachingg the free-ion value of 10 //B near 11 T. 

5.44 Concluding remarks 

Wee have investigated the magnetic properties of a single crystal of the com-
poundd DyCoioVV The easy magnetization direction is parallel to the [001] 
directionn at high temperatures. The magnetization tilts away from the [001] 
directionn below the spin-reorientation temperature (Tai = 42 K), reaching a 
anglee of 0[ooi] = 14° at 5 K. We found that the temperature dependence of 
thee magnetization shows several unusual features. 

Thee occurrence of an easy cone at low temperatures is related to higher-
orderr crystal-field terms describing the Dy-sublattice anisotropy. The rota-
tionn of the moment away from the [001] direction and the anomalous increase 
off  the magnetization parallel to the [001] direction below T8T, can be calcu-
latedd with a set of crystal-field coefficients that includes a sizable value of 
AQ.AQ. These crystal-field coefficients imply that the Dy moment has a value 
lowerr than the free-ion value of 10 HB, even at the lowest temperature. This 
iss corroborated by the neutron diffraction experiment, that, with rather poor 
statistics,, resulted in a Dy moment lower than the free-ion value of 10 ^B-

AA further anomaly in the M(T) curves in the form of a sharp minimum 
att Tcomp = 118 K, is due to the magnetic compensation of the Co- and 
Dy-sublatticee magnetizations. The shape of the M(T) curves is not only 
stronglyy field dependent but depends also considerably on the thermal history 
off  the sample. This behaviour is attributed to the development of a rather 
strongg intrinsic coercivity at low temperatures originating from the presence 
off  narrow Bloch walls. The present results, obtained on fairly large single 
crystals,, refute previous explanations of the high coercivity at 5 K in terms 
off  small single domain particles [100]. The most prominent result obtained in 
thee course of the present investigation is the unusual temperature dependence 
off  the coercivity. The results presented here demonstrate quite clearly that 
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thee presence of narrow Bloch walls leads to a divergence of the coercivity at 
thee compensation temperature. 


