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Chapterr 4 

Magneticc anisotropy and 
exchangee in HoCoioTi2 

Thee magnetic properties of the tetragonal compound HoCoioTi2 are rather 
simple.. Below TQ = 750 K, the magnetic moments order ferrimagnetically 
parallell  to the [001] direction. HoCoi0Ti2 remains easy-axis down to the 
lowestt temperature. A large difference exists in the temperature dependence 
off  the Ho- and Co-sublattice moments. Due to the large temperature de-
pendencee of the Ho moment, that is ordered antiparallel to the Co moment, 
thee magnetization decreases below room temperature, nearly reaching full 
compensationn at the lowest temperature. Due to the near compensation, 
resultss of magnetization are difficult to interpret quantitatively, because the 
magnetizationn will be influenced both by anisotropy effects and by a field-
inducedd non-collinearity of the moments of the Ho- and Co-sublattices. In 
orderr to obtain quantitative values for the anisotropy and exchange param-
eters,, we performed magnetization and neutron-diffraction experiments on 
aa single crystal of H0C010T12 at various temperatures. The most striking 
featuree is a jump in the magnetization that occurs at low temperatures when 
thee field is applied parallel to the easy [001] direction. We ascribe this jump 
too the relatively small intersublattice exchange that holds the Ho- and Co-
sublatticee moments antiparallel. We find that the field value of the jump 
andd the change in magnetization at this field are very sensitive to the values 
off  the exchange and anisotropy parameters. Low-temperature magnetization 
isothermss measured at directions away from [001] display a similar jump in 
magnetization.. These low-temperature results were used in an analysis based 
onn the two-sublattice model. An exchange parameter and anisotropy coeffi-
cients,, up to 6th order for the Ho moment, and 2nd order for the Co moment, 
weree determined. The low temperature results are described quantitatively 
byy these parameters. The results measured at elevated temperatures are 
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describedd reasonably well using crystal-field coefficients calculated from the 
anisotropyy coefficients. 

4.11 Introductio n 
AA fascinating and useful aspect of magnetism in ferrimagnetic rare-earth -
transition-metall  compounds is the possibility to tune the magnetic proper-
tiess by varying the composition. A correctly chosen composition allows for 
investigationn of properties like magnetic anisotropy and the intersublattice 
exchangee energy. For an investigation of the intersublattice-exchange energy 
byy means of the high-field free-crystal technique [31], it is required that the 
spontaneouss magnetization is not too high. Then the bending process of the 
twoo sublattice moments, necessary for determining the intersublattice cou-
pling,, will occur in accessible field strengths. On the other hand, for the 
magneticc anisotropy to be most prominent in the measurements, the two 
sublatticee moments of the ferrimagnet should not show the bending process. 
Thiss requires a high intersublattice-exchange energy, which may occur in 
ferrimagneticc rare-earth - transition-metal compounds with a large sponta-
neouss magnetic moment. As an example the compound HoFenTi may be 
mentioned,, which is the subject of Chapter 6 of this thesis. Tuning the com-
positionn such that the relevant energies of the intersublattice exchange and 
thee anisotropy are comparable in size makes both properties visible in the 
experiments.. Therefore, an investigation of both properties can be performed 
att the same time. 

4.1.11 Investigations on poly crystalline YCo^-xTl r  and 
HoCo^-arTL uu compounds 

Below,, the magnetic properties of polycrystalline YCoi2-xTix compounds 
aree summarized. These compounds are known to exist, at least for l<x<2. 
Thee YCoi2-a;Tix compounds are all ordered ferromagnetically [81] at room 
temperaturee and below [51,82,83] and posess an easy-axis type of anisotropy. 
Thiss magnetic anisotropy is fairly high: in YConTi it leads to an anisotropy 
fieldd of 3.5 T at 4.2 K [82], and in YCoi0Ti2 the anisotropy field is approxi-
matelyy 2 T at 4.2 K [51]. Magnetization anisotropy has not been observed In 
YConTi,, the anisotropy field was found to have a fairly strong temperature 
dependence,, leading to a spin-reorientation near 650 K, presumably to an 
easy-planee type of order [83]. 

Furthermore,, it was found [81] that both the Curie temperature and the 
magneticc moment per formula unit depend on the Ti concentration more 
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stronglyy than may be expected from simple dilution. The magnetic moment 
off  YCouTi equals 15.2 /JB/^U. at 4.2 K, whereas that of YCoi0Ti2 equals 
8.66 fts/f-u. at 4.2 K. The Curie temperatures were reported to be 980 K and 
5800 K, respectively. 

Twoo explanations can be given for the strong reduction of the ordered 
momentt upon increasing Ti content. There may be antiparallel moments on 
thee Ti positions, and the Ti ions may produce a disturbance of the magnetic 
exchangee at the neighboring Co positions. Cable and Hicks [84] performed 
diffusee neutron-scattering experiments on Co samples containing 5 at% other 
3d3d metals, including V and Cr. For V and Cr impurities, they find a reduction 
off  the total 3d moment, and conclude that this reduction is largely associated 
withh the Co-exchange disturbance. Since Ti is found next to V in the periodic 
system,, the strong reduction of the ordered moment by addition of Ti in 
YCoi2-xTi;EE probably mainly originates in the Co-exchange disturbance. 

Wee are unaware of band-structure calculations on YCo^-sTi .̂ There-
fore,, we consider band structure calculations on the Fe-containing compounds 
YFei2_xTix.. Band-structure calculations by Sakuma [85] on YFenTi indi-
catee the existence of a magnetic moment of Ti in these compounds. The 
calculatedd moment of the Ti ions on the 8i crystallographic position that 
theyy share with Fe is not very large compared to the Fe moment, -0.9 /iB/Ti 
versuss 2.6 Ate/Fe. Band-structure calculations on the fictitious compounds 
YFei22 and YFe8Ti4 were performed by Coehoorn [86]. In these compounds, 
thee 8i position is fully occupied by Fe or Ti, respectively. The results for 
YFegTi44 indicate a Ti moment that is smaller than the Ti moment in YFenTi. 
However,, the largest effect of substituting Fe by Ti is a strong reduction of 
alll  Fe moments, in accordance with the aforementioned neutron-scattering 
resultss for V and Cr in Co [84]. 

Investigationss on poly crystalline samples of HoCouTi and HoCoioTi2 

showw that both compounds order ferrimagnetically, with an easy-axis type 
off  order at all temperatures [51,81,82]. The ordered moment at 4.2 K was 
foundd to be equal to 5.6 ^BA-U. for HoCouTi , and 0.5 ^s/f-u. for HoCo10Ti2. 
Fromm these values, the Co-sublattice moment was determined as 15.6 /Lte/f-u. 
(M88 + MHo = 5.6 + 10 //B/f-u.) for HoConTi , which differs by about 0.4 
/iB/f-u.. from the spontaneous moment of YCouTi. In HoCoi0Ti2 the Co-
sublatticee moment is found to be equal to 9.5 /*B/£U., (here MHo> Â Co, 
soo that Mco = MHO - Ms = 10 - 0.5 HB/(.\I.), which differs by about 0.9 
/te/f-U-- from the magnetic moment of YCoioTi2. The Curie temperature of 
HoCoioTi22 was reported to be 604 K. The exchange energy between the 
Hoo and the Co sublattice have been investigated for HoCouTi [81,82] and 
HoCoi0Ti22 [51] by means of the high-field free-crystal technique [31]. The 
valuess for the exchange energy were determined without taking into account 
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thee Co-sublattice anisotropy, which may lead to an under- or overestimation 
off  this energy, see Section 2.6.1. The intersublattice molecular-field coef-
ficientt for HoConTi and HoCoi0Ti2 equal 4.5 Tf.u.//xB, and 4.9 Tf.u.//iB 
respectively,, leading to intersublattice-exchange energies of 6.5  1CT21 J/f.u. 
andd 4.3 KT21 J/f.u.. 

Thee magnetic anisotropy is such that HoCoXoTi2 and HoConTi are easy-
axiss in the ordered temperature range. In magnetically aligned polycrys-
tallinee HoConTi [82], it was observed that at 4.2 K the magnetic isotherm 
measuredd with the field perpendicular to the alignment direction intersects 
thee isotherm measured with the field parallel to the alignment direction. 
Thiss was noted to probably be due to a process, in which the two sublattice 
momentss bend towards each other. 

Too our knowledge, no value of the anisotropy energy of HoCoioTi2 has 
beenn reported previously. Therefore we mention here, for comparison, values 
forr K\ of the Ho moment determined at 4.2 K in isostructural HoCoi0Mo2: 
4.55  10"22 J/f.u. [52] and in Ho2Co17: -2.18  10"21 J/f.u. [17]. These val-
uess and that of the exchange energy indicate that they are comparable in 
HoCoioTi22 at 4.2 K. As we have seen in Section 2.6.2, this may lead to 
interestingg magnetization processes. 

4.22 Experimental results 

4.2.11 Sample preparation and characterization 

AA single-crystalline rod of HoCoi0Ti2 of nominal composition was grown 
fromm the melt in the modified Czochralsky equipment at the FOM-ALMOS 
centree at the Van der Waals-Zeeman Instituut of the Universiteit van Am-
sterdamm [53]. The rod was checked by means of X-ray diffraction, optical 
microscopyy and electronprobe micro-analysis (EPMA). EPMA showed that 
thee actual composition is HoC010.29Ti1.71. A sphere with diameter 1.2 mm 
wass cut from the rod near the position where the EPMA was performed. The 
spheree was used in most of the measurements presented here. Finally, the 
EPMA-samplee itself was used for determination of the Curie-temperature. 

4.2.22 High-temperature magnetic properties 

InIn order to determine the Curie temperature of the HoCoioTi2 single crystal, 
aa measurement in the Faraday balance (see Section 3.3.1) was performed. 
Thee measuring field was 0.05 T. The results are shown in Figure 4.1. The 
Curiee temperature is taken as that temperature, where the derivative of the 

http://HoC010.29Ti1.71


4.2.4.2. Experimental results 39 9 

^ - v v 

zi i 

2 2 
X) ) 

7( ( )0 0 

11 ' 1 ' 1 

^^  [ ^

\\ / " 

7200 740 760 780 800

T(K) ) 

ll  i i i l 

ii

HoCo10Ti2 2 

BB = 0.05 T 

i i 

600 0 650 0 700 0 750 0 800 0 850 0 

T(K) ) 

Figuree 4.1: High-temperature magnetization of HoCoxoTiv as a function of tem-
perature.perature. The inset shows the derivative ^£f, from which TQ is determined to be 
equalequal to 750(5) K. The line is a guide to the eye. 

magnetizationn as a function of temperature is minimal. This leads to a Curie 
temperaturee of Tc = 750(5) K, which is considerably higher than has been 
measuredd previously on a polycrystalline sample of HoCoioTi2 (Tc = 604 
KK [51]). However, in view of the strong sensitivity of Tc on the Ti content 
off  the YCoi2-j:Tix compounds [81], a higher Tc for HoCoio.29Ti1.71 than for 
H0C010T122 is not surprising. For the compound YCoio.3Tii.7, in which Ho 
iss replaced by non-magnetic Y, a Curie temperature of approximately 730 
KK [81] has been reported. 

4.2.33 Neutron diffraction in zero field 

Thee HoCoioTi2 crystal was characterized in the four-circle neutron diffrac-
tometerr 6T2 at the LLB CEA, Saclay. The wavelength was 0.9 A. Integrated 
intensitiess of 86 independent reflections were measured at 6, 25, 50, 75, 100, 
125,, 150, 200, and 250 K. Refinements based on the measured squares of 
structuree factors were performed by the program MAGLSQ of the Cambridge 

http://HoCoio.29Ti1.71


40 0 4.4. Magnetic anisotropy and exchange in HoC<h0Ti2 

Crystallographyy Subroutine Library (CCSL) [67]. For the neutron-scattering 
lengthss the values bnQ = 801.0 fm, &co = 249.0 fm and bn = -343.8 fm were 
usedd [65]. For the magnetic calculations, analytical dipole approximations of 
thee radial integrals, <fo> and <h>  for the Ho3+ ion and <jo>  for the Co3+ 

ion,, were used [66]. 
Al ll  measured reflections could be indexed according to the IA/mmm space 

groupp of the ThMni2-type of crystal structure. We assumed that the Ti ions 
onlyy occupy the Si crystallographic site, as was previously found for the 
isostructurall  compound YConTi [83,87]. The 6 K set of reflections was first 
refinedd allowing variation of the magnetic moments, the positional param-
eters,, the occupancy of the Si site and the isotropic thermal factors. The 
isotropicc thermal factors had no significant effect on the refinement factor, 
soo they were discarded from the refinement. The Si site was found to be 
occupiedd for 56.6(9) % by Co and for 43.3(9) % by Ti ions. This occu-
pancyy for the Si site leads to a formula unit of HoC010.26Ti1.73, which is in 
excellentt agreement with the EPMA results. The positional parameters for 
thee 8i and Sj sites are in good agreement with those found for isostructural 
ThMni2-typee compounds (see [8,83]). 

Concerningg the magnetic moments, the best fit was obtained when they 
weree taken to be parallel to the [001] direction. Including a magnetic mo-
mentt for the Ti ion, that shares the Si sites with Co, degraded the refinement 
statistics.. On top of that, the refined magnetic moment on the 8i site was, 
withinn the statistical error, the same with a moment on Ti as without. Al-
lowingg for all three Co-site moments to vary independently did not improve 
thee refinement factor compared to the refinement factor found when the Co 
momentss all have the same value. Therefore, we used only one Co moment 
valuee for all three Co containing crystallographic sites. The refined Ho mo-
mentt is directed antiparallel to the Co moments, its value is very close to 
thee free-ion value of 10 /JB- The results of the 6 K data are summarized in 
Tablee 4.1. 

Thee sets of reflections measured at 25, 50, 75, 100, 125, 150, and 200 K 
weree refined with a fixed occupation of the 8i site (Co/Ti = 0.5655/0.4345). 
Thee positional parameters were allowed to vary, but they did not change 
significantlyy in the refinements Including into the refinements an isotropic 
thermall  factor had no significant influence on the refinement factor up to 200 
K.. The refined Ho moment changes significantly as a function of temperature, 
whereass the refined Co moments do not. The refinement factor R ranges from 
5.88 % to 7.5 % and x2 from 4.0 to 6.3, indicating a similar quality as the 6 
KK refinement. 

Inn our analysis, the variation with temperature of the refined Co mo-
mentt is statistically insignificant. Therefore, we can calculate the average 

http://HoC010.26Ti1.73
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occ. . 
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0.433(9) ) 

M( / i B ) ) 
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1.22(4) ) 
1.22(4) ) 

0 0 
Measured/independentt reflections: 286/86 

A:: 0.9 A 
sin0/A:: <0.56A" 

R:: 6.81 % 

Tablee 4.1: Results of the least-squares refinement of the neutron-diffraction 
datadata for HOCO\QTVI obtained at 6 K. The magnetic moments are parallel to 
thethe [001] direction. The refinement factor R = J2\F%bs ~ F%aic\IT,F%ba>

 and 
XX22 — J2w2(Ftf>s ~ Faüc)2/(Nobs — Nvar) characterize the quality of the refinement. 

neutron-diffraction-determinedd Co-sublattice moment up to 250 K as 12.7(4) 
(IB/LU..(IB/LU.. This corresponds to 1.24 /ZB/CO ion. The spontaneous magnetic 
momentt at 5 K from magnetization measurements, to be described below, 
amountss to 1.2 HQ/Ï.VL.. This leads, assuming the Ho-sublattice moment to 
bee equal to 10 ^B> to a Co-sublattice moment of 11.2 /zB/f-u.. The difference 
betweenn the Co-sublattice moment determined from neutron diffraction and 
fromm magnetization experiments in this way amounts to about 0.2 / /B/CO. 

Suchh a discrepancy between neutron scattering and magnetometry data is 
nott uncommon for Co, ass will be described below. 

Thee Co moments in the related compound YConTi have been determined 
byy neutron powder diffraction in two independent studies. Moze et al. [83] 
findfind by means of neutron diffraction a magnetic moment of about 1.5 ^B /CO 
att room temperature, whilst the spontaneous moment determined by mag-
netometryy at 4.2 K yields 1.4 /iB/Co. Yang et al. [87] find 1.57 ^B /CO at 
roomm temperature by means of neutron diffraction, while they measured a 
magneticc moment of 1.24 /ZB/CO at 1.5 K by magnetometry. 

Inn early work by Moon [88], the spatial distribution of the Co moment in 
hexagonall  cobalt was determined by means of polarized neutron diffraction. 
Hee found that the spin distribution can be described by two parts: a form 
factorr calculated from atomic 3d-density functions, and a negative constant. 
Thee value of this constant amounts to -0.3 /XB/CO. Later, highly detailed 
studiess of YCo5, that is structurally related [89] to H0C010T12, were per-
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300 0 

Figuree 4.2: Ordered magnetic moment of HOCO\QTVI parallel to the [001] direc-
tion,tion, obtained from magnetization experiments (line), and by neutron diffraction 
(squares).(squares). The error bars denote the statistical error on the Ho moment from the 
refinementrefinement procedure. 

formedd employing polarized-neutron diffraction by Schweizer and Tasset [90]. 
Theirr neutron-diffraction experiment yields a magnetic moment that is about 
0.166 /^B/CO larger than the moment obtained by magnetometry. They as-
cribee this to the effect found by Moon, noting that the constant negative 
spinn density does not contribute to magnetic structure factors that can be 
measuredd by neutron diffraction. The contribution of the constant negative 
spinn density would be visible in a (000) reflection. 

Besidess the aforementioned difference, the magnetization and neutron-
diffractionn experiments are in good agreement. We assume the Co-sublattice 
momentt to be temperature independent up to 250 K, and equal to 11.2 
/Je/f-u... Then the spontaneous magnetic moment is calculated by adding 
11.22 HB to the refined Ho moment. In Figure 4.2 the magnetic moment, 
thuss obtained, is displayed as a function of temperature, together with the 
spontaneouss magnetic moment obtained by magnetization measurements, to 
bee described below. Within the experimental error and up to 200 K the 
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Figuree 4.3: High-field free-crystal magnetization of HoCoioTia measured at 4-2 K 
(squares).(squares). The full line shows a linear fit of the magnetization between 6 T and 
3535 T. The dashed line is the result of a calculation (Section 4-3.2). 

spontaneouss moments obtained by both techniques are very similar. The 
discrepancyy between the data measured at 250 K may be due to the increasing 
importancee of thermal motions of the atoms at elevated temperatures in 
conjunctionn with the decreasing size of the Ho moment. 

4.2.44 High-field free-sphere magnetization 

Figuree 4.3 shows the high-field magnetization at 4.2 K, measured on a single-
crystallinee sphere which was free to rotate in the applied field. The magne-
tizationn is nearly field independent up to about 5 T. The field-independence 
off  the magnetization up to 5 T implies that the Ho and Co moments are 
perfectlyy collinear. Therefore, it represents the spontaneous magnetization, 
givenn by M o - M H o = 1.2 fim/ln.. Assuming that the Ho ion has its free-
ionn moment of 10 / /B, this leaves 11.2 /is/f.u. for the Co sublattice moment. 
Abovee 5 T, the magnetization increases linearly, and the extrapolation of 
thiss line nearly crosses the origin. Taken from the slope of the magneti-
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Figuree 4.4: Magnetization isotherms of HoCowTi2 for B // [001] measured at 
variousvarious temperatures in fields up to 5 T. The lines are guides to the eye. 

zationn above 5 T, the intersublattice molecular-field constant is found to 
bee equal to nHoCo = 4.36 Tf.u.// iB- The saturation field is by far not 
reachedd at 35 T. Saturation is expected above Bs at = nHoCo(^Ho+ MCo) 
== 92 T. The intersublattice-exchange field from this measurement is found 
too be DHOCO^CO= 49 T. Note that this value is obtained neglecting a Co 
anisotropy. . 

4.2.55 B applied parallel to the [001] direction 

Ass is already clear from the neutron-diffraction experiments and literature 
[51,82],, the easy magnetization direction in HoCoi0Ti 2 is the [001] direction. 
Thee magnetization1 with the field applied parallel to [001] was determined 
att temperatures ranging from 4.2 K up to 350 K. 

Thee magnetization in fields up to 5 T at temperatures of 5, 100, 200, 

LNoo demagnetizing field effects are taken into account in this chapter, its value is 
small,, it amounts to about 22 mT/(/iB/f.u-)- In Chapter 6, on the compound HoFenTi, 
demagnetizingg field effects are more important. A detailed treatment will be given there. 
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Figuree 4.5: Spontaneous moment of a HOCOIQTI2 single crystal as a function of 
temperaturetemperature (symbols). Spontaneous moment calculated with a Brillouin function 
(full(full  line), and with crystal-field coefficients and molecular field (dashed line), see 
SectionSection 4.3.2. 

300,, and 350 K, measured with increasing and decreasing field strengths is 
displayedd in Figure 4.4. The magnetic moment shows a clear temperature 
dependence,, below 350 K the magnetic moment decreases with decreasing 
temperature.. This is mainly due to the Ho moment that increases as the 
temperaturee is lowered. From the magnetic isotherms, two features can be 
extracted,, the spontaneous moment and the saturation susceptibility. The 
spontaneouss moment is obtained by extrapolating the magnetization to zero 
fieldfield strength. The saturation susceptibility is obtained from the slope of the 
isothermss that are linear up to 5 T. 

Upp to 350 K, the spontaneous moment of the crystal increases as a func-
tionn of temperature, as displayed in Figure 4.5. The saturation susceptibil-
ity,, displayed in Figure 4.6, increases up to 150 K, as does the spontaneous 
magneticc moment. A faint maximum of the saturation susceptibility occurs 
aroundd 200 K, above which it decreases slightly. In a very simple approx-
imation,, the Co-sublattice moment can be considered constant up to 350 
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Figuree 4.6: Saturation susceptibility measured with B // [001] (symbols). Satura-
tiontion susceptibility calculated with a Brillouin function (full line), and with crystal-
fieldfield coefficients and molecular field (dashed line), see Section 4-3.2. 

K,, and the Ho-sublattice magnetization is described by a Brillouin function, 
Equationn 2.3. 

Wit hh a fixed value of 11.2 fis/tu. for the Co moment, a reasonable fit is 
obtainedd with a molecular field of -55 T, as shown by the line in Figure 4.5. 
Thee calculated spontaneous moment deviates most from the experimental 
valuee at low and at high temperatures. This may be reasonable, since at low 
temperaturess the effect of the crystal field wil l be largest, and at high tem-
peraturess we may have to take into account a decrease of the Co-sublattice 
magnetization.. The value for the molecular field of 55 T is in reasonable 
agreementt with the 49 T obtained from the low-temperature free-crystal 
measurementt described in Section 4.2.4. 

Thee same Brillouin function can be used to calculate magnetic isotherms. 
Thee applied field then is opposite to the molecular field, reducing its value. 
Fromm the isotherms calculated in this way, the saturation susceptibility can 
bee obtained, which is displayed in Figure 4.6 as a solid line. The calculated 
saturationn susceptibility has a similar temperature dependence as the satu-
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Figuree 4.7: Magnetization of HoCo\oTi2 measured with B // [001] at 4-2 K. 

rationn susceptibility obtained from the experiments. At low temperatures it 
iss very small, and it increases up to about 200 K, where a weak maximum oc-
curs.. Above 200 K, the calculated susceptibility decreases slightly. Though it 
iss a crude description, it may be concluded from this simple model, that the 
susceptibilityy observed in fields up to 5 T is mainly due to the Ho-sublattice 
contribution. . 

Wee have also measured the magnetization for B / / [001] in fields up to 38 
T.. Figure 4.7 shows the magnetization as a function of applied field measured 
att 4.2 K with increasing and decreasing field strengths. Up to about 31 T, the 
magnetizationn shows hardly any field dependence. The spontaneous moment 
equalsequals about 1.2 /Je/f.u., as above. Around about 31 T, the magnetization 
jumpss from about 1.3 ^B/I-U. to about 8.2 /XB/IU . and continues to increase 
withh the applied field. No hysteresis is observed at the transition. The 
saturationn moment, expected to be about 21.2 /iB/i.u., is by far not reached 
att 38 T. 

AA first estimate for the anisotropy energy, can be given by equating Equa-
tionss 2.34 and 2.35. Using the value for UHOCO obtained in Section 4.2.4, «HoCo 
== 4.36 Tf.u./^B, and the critical field value, Bc = 30.9 T, we find for the 
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Figuree 4.8: Magnetization of HoCom Ti2 at 5 K as a function of applied field 
forfor the main crystallographic directions in fields up to 5 T, measured both with 
increasingincreasing and decreasing fields. The lines are guides to the eye. 

anisotropyy energy a value of 75.8 T/xB/f.u., which equals 7.03 • 10~22 J/f.u.. 

4.2.66 B applied parallel to the [110] direction and par
allell to the [100] direction 

Sincee the [001] direction is the easy magnetization direction, the perpendic
ularr main crystallographic directions [100] and [110] are the hard magne
tizationn directions for the tetragonal ThMn^-structure. We measured the 
magnetizationn with the field applied parallel to [100] and [110] at various 
temperaturess between 5 K and 350 K in fields up to 5 T. At 4.2 K, we 
measuredd in applied fields up to 35 T. 

Inn Figure 4.8, the magnetization in applied fields up to 5 T is shown 
forr the three main directions [100], [110] and [001]. In the experiment with 
BB J) [110], the sample was slightly misaligned, the angle with [001] was 
aboutt 86° instead of 90°. The measurements were performed with both 
increasingg and decreasing field. The curve for B // [001] shows remanence. 
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Figuree 4.9: Magnetization isotherms of EoCoy^Tia for B // [100], measured at 
variousvarious temperatures in fields up to 5 T. The lines are guides to the eye. 

Forr B II [100] and B f I [110], a linear increase of the magnetization is 
observed,, indicating a rotation of the magnetic moment. Both curves start 
att zero magnetization and increase in the same manner up to about 2.5 T, 
wheree the curve for B / / [110] makes a small step. Upon further increasing 
andd subsequently decreasing the applied field the magnetization for B / / [110] 
remainss higher than that for B / / [100]. Besides this offset, which is due to 
thee misalignment and the remanence, the curves for both hard directions are 
indistinguishable.. Note that near 4.5 T the magnetization of the hard planar 
directionss crosses that of the easy [001] direction. 

Thee results for B / / [100] in fields up to 5 T at 5, 100, 200, 300, and 350 
K,, are displayed in Figure 4.9. For all displayed curves, the magnetization 
inn zero applied field is zero. Upon increasing the field, the magnetization 
increasess initially linearly with increasing field, indicating a rotation of the 
magneticc moment away from the easy [001] direction. Below 200 K, no 
significantt deviation from this linear response is observed. At 300 K and at 
3500 K, the magnetization of the hard direction appears to saturate, leading 
too a moment of about 7.5 /ZB/IU. at 5 T , both at 300 K and at 350 K. 
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Figuree 4.10: Magnetization of EoComTii at 4.2 K measured with B // [100] 
(circles)(circles) and B // [110] (squares) measured with decreasing field. The line is the 
resultresult of a calculation, see Section 4-3.2. 

Becausee at 300 K and 350 K the magnetization for B / / [100] saturates 
beloww 5 T, a full rotation of the mutually antiparallel sublattice moments can 
bee assumed. For this reason, values for the effective anisotropy constant Ki 
att these temperatures can be obtained. The anisotropy constant K\ is given 
byy K\ = |BanMs. The anisotropy field at 300 K is estimated to be equal to 
aboutt 3 T, and at 350 K it is estimated to be about 2 T. The spontaneous 
momentt at both 300 K and 350 K is found by extrapolating the saturated 
magnetizationn to zero fields, yielding a value of 7.1 /^B/f-u.. This leads to 
valuesvalues for the anisotropy constant of Ki = 10.5 T u.B/i.u. at 300 K and Ki 
== 7.1 T/Vf-u. at 350 K. 

High-fieldd measurements for B // [100] and B // [110] were made with 
decreasingg field in fields from 35 T at 4.2 K. The results are shown in 
Figuree 4.10. The magnetization as a function of applied field is, within ex-
perimentall  error, the same for both directions. Up to about 20 T, the magne-
tizationn for the hard planar directions increases approximately linearly with 
increasingg field strengths. Above 20 T, the increase of the magnetization with 

TT ' r 
HoCo10Ti2 2 

B / / [ 1 1 0 ] ^ -- • 

** B//[100] 

TT = 4.2 K 
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appliedd field strength is slightly reduced. Unlike the high-field magnetization 
measuredd with B / / [001] (see Figure 4.7) no jump in the magnetization is 
observed.. The magnetization at 35 T amounts to about 7 /ie/f-u. for the 
[110]]  direction and 7.5 unfi.u. for the [100] direction, which is below the 
valuee obtained with the field applied parallel to the [001] direction (about 9 
/*B/f-u.. at 35 T). 

4.2.77 B applied parallel to the [110] direction: mea-
surementss of the magnetization vector 

InIn order to gain more insight into the magnetization process for the field 
appliedd parallel to the [110] direction, the magnetization was determined 
bothh parallel and perpendicular to the applied field. These experiments were 
performedd in fields decreasing from 5 T at temperatures ranging from 5 K 
upp to 275 K. 

Figuree 4.11 shows the measured data obtained at 5 K. In this measure-
ment,, the magnetic moment as a function of applied field is decomposed in 
twoo components, parallel (Mpar) and perpendicular (Mp^) to the applied 
fieldfield 2.In addition, the vector sum, M to t, is displayed. As in Figure 4.8, the 
magnetizationn parallel to the applied field does not cross the origin, which is 
duee to slight misalignment of the sample. The value of the moment perpen-
dicularr to the applied field direction in zero applied field is almost equal to 
thee spontaneous moment. This indicates that the sample is saturated start-
ingg from the lowest applied field strengths. Upon increasing the applied field, 
thee magnetic moment parallel to the applied field increases approximately 
linearly,, as in Figure 4.8. At the same time, the moment perpendicular to the 
appliedd field decreases from about 1.2 ^ / f u . in zero field to slightly above 
11 /ifi/fu - in 5 T. The total moment of the sample increases in a non-linear 
fashionn as a function of applied field. This increase indicates that the initially 
antiparallell  moments bend towards each other in the applied field, causing 
thee Ho and Co moments to compensate each other to a lesser extent. 

Iff  we assume that the Ho anisotropy is very large and that the Co 
anisotropyy is negligible, we can ascribe the magnetization process to a ro-
tationn of the Co moment only. Then the free energy (for large exchange), 
Equationn 2.22, to be minimized reduces to 

FF = "HoCoMUOMQO cos 9 - BMco sin 6 (4.1) 

2Wee determined that in these experiments, the moment does not rotate out of the 
(HO)-plane.. Therefore, the magnetization process is two-dimensional, and it suffices to 
mentionn only the parallel and perpendicular components. 
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Figuree 4.11: Measured components of the magnetization of HoCoioTia at 5 K, 
inin a field applied parallel to the [110] direction (symbols). Results of a calculation 
withwith the aid of obtained anisotropy coefficients and molecular field (lines), see 
SectionSection 4.3.2. 

Here,, 8 is the angle of the Co-sublattice moment with its original direc-
tionn strictly antiparallel to the Ho-sublattice moment. After minimizing this 
equationn with respect to 0, Equation 4.1 (in the small angle limit ) reduces 
to o 

BB M Co 
nH°Coo = MWO { ] 

Wee obtain a value of ÏÏHOCO = 4.6 Tf .u. / / iB , which is not too far from 
thee value obtained in Section 4.2.4. This is an indication that, at low tem-
peratures,, the magnetization process with the field applied parallel to the 
hardd [110] magnetization direction is dominated by the anisotropy on the Ho 
sublattice.. Therefore, the magnetization is determined by the rotation of the 
Co-sublatticee moment, determined mainly by the intersublattice-exchange 
coupling. . 

Att higher temperatures, the magnetization process is completely differ-
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B//[110] ] 

Figuree 4.12: Measured components of the magnetization of HoCo\§Ti2 at 250 K, 
inin a field applied parallel to the [110] direction (symbols). The lines are guides to 
thethe eye. 

ent,, as may be inferred from the large temperature dependence of the Ho 
anisotropy.. Figure 4.12 shows the parallel and perpendicular components of 
magnetizationn obtained at 250 K. Also the total magnetic moment is dis-
played.. Due to demagnetization effects, and the absence of remanence at 
thiss temperature3, the magnetization saturates below 2 T. The component 
off  the magnetic moment parallel to the applied field increases in a non-linear 
fashionn above 2 T and tends to stabilize near 5 T. The component perpen-
dicularr to the applied field decreases strongly with increasing field above 2 
TT while the total magnetic moment increases linearly. These observations 
indicatee that, contrary to the 5 K process, the magnetization process at 250 
KK with the field applied parallel to the hard [110] direction, mainly involves 
aa rotation of the magnetic moments that remain nearly antiparallel during 
thee rotation. The increase in total magnetic moment as a function of applied 

3Forr a detailed treatment of demagnetization effects in measurements of the magneti-
zationn vector, we refer to Chapter 6. For our purposes here, it suffices to state that the 
magnetizationn saturates. 
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fieldfield may be accounted for by the field and direction dependence of the Ho 
moment.. Therefore, at this temperature the process is determined by the 
magneticc anisotropy. 

Promm the parallel and perpendicular components of the magnetic-moment 
vector,, the angle of the resultant vector with the applied field follows straight-
forwardly.. In Figure 4.13, this angle, 9B, and the resultant magnetic moment, 
obtainedd at various applied fields are displayed as a function of temperature. 
Onlyy the measurements that were unhampered by demagnetizing-field effects 
aree shown. For reference, the spontaneous magnetization and the saturation 
magnetizationn at 5 T are also included in the panel displaying the resul-
tantt magnetic-moment vector. The resultant magnetic-moment vector in 
loww fields follows the spontaneous moment as a function of temperature, in-
dicatingg that saturation is achieved at all temperatures below 275 K. Upon 
increasingg the magnetic field, the resultant magnetization increases for all 
temperaturess considered. At low temperatures, up to about 100 K, this in-
creasee results in a magnetic moment at 5 T that is larger than the magnetic 
momentt obtained with B / / [001]. Between 100 K and 175 K, the resultant 
magnetizationn at 5 T with B / / [110] again exceeds the moment obtained 
withh B / / [001]. 

AA weak maximum occurs for 6B at about 100 K regardless of the ap-
pliedd field strength. Above this maximum, 6B decreases for all applied fields 
considered. . 

Ass mentioned above, the magnetization process at 5 K is mainly deter-
minedd by the intersublattice-exchange coupling, while at 275 K the process 
iss mainly determined by the magnetic anisotropy of the two sublattices as a 
whole.. The temperature dependence of the Ho-sublattice anisotropy, which 
iss large at low temperatures and small at high temperatures, is the main 
causee of this change. 

4.2.88 Results for  B parallel to other  directions 

Inn order to obtain more detailed information on the intersublattice-exchange 
andd anisotropy energies, we performed magnetization experiments at various 
alignments.. We measured the magnetization parallel to the applied field 
directionn with the field applied parallel to the main crystallographic planes 
(100)) and (110). We measured at 4.2 K in fields up to 38 T, with (fast) 
increasingg and decreasing fields. We made steps of approximately 10 degrees 
betweenn [001] and the main planar directions [110] and [100] for alignments 
inn the (110) plane and the (100) plane, respectively. In this way, we hoped to 
observee possible in-plane anisotropy, not observed when we applied the field 
parallell  to [110] and [100] (Figure 4.10). In Figures 4.14, 4.15, and 4.16 the 
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Figuree 4.13: a: Temperature dependence of the length of the magnetic-moment 
vectorvector in fields up to 5 T applied parallel to the [110] direction. The lines are 
guidesguides to the eye. The dashed and the dotted line represent the spontaneous mag-
netizationnetization and the magnetization at 5 T measured with B // [001], respectively. 
b:: Temperature dependence of the angle of the magnetic-moment vector with the 
appliedapplied field in fields up to 5 T. The lines are guides to the eye. 

resultss are displayed. 
AA jump in magnetization is observed for all alignments. The critical 
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Figuree 4.14: Magnetization isotherms at 4-2 K of HoCoioTiq for B // 
(left)(left) and B // (110) (right), measured with increasing and decreasing field, 
byby closed and open symbols, respectively. The lines are the result of an 
(Section(Section 4.3.1). 
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Figuree 4.15: Magnetization isotherms at 4-2 K of HoCoxoTi  ̂ for B // (100) 
(left)(left) and B // (110) (right), measured with increasing and decreasing field, given 
byby closed and open symbols, respectively. The lines are the result of an analysis 
(Section(Section 4.3.1). 
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Figuree 4.16: Magnetization isotherms at 4.2 K of HoCoi0Ti2 for B // (100) 
(left)(left) and B // (110) (right), measured with increasing and decreasing field, given 
byby closed and open symbols, respectively. The lines are the result of an analysis 
(Section(Section 4.3.1). 

fieldfield at which this process occurs is angle dependent. Roughly, as the field 
iss applied further away from [001], the critical field becomes smaller. The 
differencee between the results taken in the (100) and the (110) plane is small, 
suggestingg a small in-plane anisotropy. The measurements taken at angles 
V'looi]]  < 30° show no significant hysteresis. At angles V'looi] > 30°, hysteresis 
iss observed. The width of this hysteresis increases with increasing [̂001] • We 
willl see below that the hysteresis is due to a change in the process that is 
behindd the rapid change in magnetization. 
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4.33 Analysis 

4.3.11 Low-temperature data: details of the intersub-
lattic ee exchange and anisotropy 

Forr calculations of the low-temperature magnetic isotherms, we assume that 
thee magnetic properties of the compound HoCoi0Ti2 can be described in 
thee large-exchange limit. Then the simple mean-field two-sublattice model 
cann be used with a field-independent Ho-sublattice moment, of which the 
anisotropyy is described by anisotropy coefficients. The free energy to be 
minimizedd is given by Equation 2.22. It is not immediately obvious that this 
simplificationn is allowed. Therefore, after finding the anisotropy coefficients 
andd the intersublattice molecular-field coefficient, the anisotropy coefficients 
aree scaled to crystal-field coefficients, and the magnetic isotherms are re-
calculatedd by minimizing the free energy of the two-sublattice crystal-field 
modell  (Equation 2.18) to check if it is justified to use the large-exchange 
limit . . 

Wee developed a computer program, of which the core routine minimizes 
thee free energy (Equation 2.22) by rotating the sublattice-moment vectors. 
Thee minimal free energy for a given applied field (and field direction) yields a 
magnetic-momentt configuration and a magnetization. The value of the calcu-
latedd magnetization is compared to the experimental value. The parameters 
thatt describe the ingredients of the model are varied until a satisfactory fit 
iss obtained. 

Inn order to reduce computational time, some assumptions were made in 
thee analysis. The largest reduction in computational time is achieved by 
assumingg that the magnetization process is two-dimensional. This means 
thatt the components of the magnetization vector, the two-sublattice mo-
ments,, rotate within a plane that is defined by the applied field and the 
[001]-direction.. This assumption is made because practically no difference 
iss observed between magnetic isotherms determined in the (lOO)-plane and 
thosee determined in the (HO)-plane. On the same basis, we neglected the 
higher-orderr K\ and K\ anisotropy coefficients, that describe the in-plane 
anisotropy.. Although it can be deduced from band-structure calculations for 
DyCoioV22 [15] that these coefficients should be sizable for DyCoioVa, we are 
ablee to fit  the magnetic isotherms of HoCoioTi2 very well, assuming these 
coefficientss to be zero. 

Furthermore,, we assumed that the Co-sublattice moment does not change 
inn size by application of a magnetic field, i.e. we assume that no Co moment 
cann be induced by the applied field. A possible magnetization anisotropy is 
neglected.. Previous investigations on polycrystalline YConTi and YCoioTi2 
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havee shown that these compounds show no high-field susceptibility and no 
magnetizationn anisotropy was observed [51,82]. For the magnetic anisotropy 
off  the Co sublattice, only Ki,co is considered. This leaves five parameters to 
bee fitted, nHoCo, *%, K°, Kg and Ki iCo. For the Ho-sublattice moment we used 
thee free-ion magnetic moment of 10 //Bi and for the Co-sublattice moment 
wee used 11.2 ^B-

Thee observed jump in magnetization is the most striking feature of the 
magneticc isotherms under consideration. As we have seen in Section 2.6.2, 
thee field at which this occurs is very sensitive to the anisotropy and intersub-
lattice-exchangee coupling. In the analysis of the magnetization isotherms we 
consideredd only the critical fields Bc, and the changes in magnetization AM 
att these critical fields. The values of the critical fields Bc were determined 
byy averaging critical fields from both increasing- and decreasing-field mag-
netizationn isotherms. The field value at the maximum in the field-derivative 
off  the magnetization is taken to be the critical field for a given isotherm. 
Too determine AM, the following procedure was used. We considered the 
decreasing-fieldd isotherms. The linear part of the magnetization below Bc 

wass extrapolated up to Bc, determined as above. The linear part of the mag-
netizationn above Bc was extrapolated down to Bc. AM was taken to be equal 
too the difference of these extrapolated values of M at Bc. The measurements 
withh a large hysteresis, especially for V[ooi] > 60°, were excluded from our 
analysis.. The phenomenology of the hysteresis will be demonstrated below. 

Wee iteratively fitted the experimental data by a process that may be 
comparedd to sieving. We constructed sets of parameters in a grid with the 
samee dimension as the number of parameters to be fitted. The grid spacing 
andd starting values were made according to an initial trial-and-error calcula-
tion.. A set of parameters, for a given crystallographic orientation, produces 
aa change in magnetization AM between two applied field values B\ and 
B2.. The values Bi and B2 are taken to be near the experimental value Bc 

.. If the change in magnetization is comparable (i.e. it falls within AM 
)) of the experimental AM, then the set of parameters is considered 

forr further fitting. For this further fitting, the grid spacing was halved and, 
att the same time, the allowed AB and AAM were reduced. The grid spacing, 
AB ,, and AA M were reduced until no significant improvement was observed. 

Ass a starting point, we fitted the isotherm measured with B / / [001]. 
Ass expected from Section 2.6.2, this curve could be fitted with only two 
parameters,, nHoCo and «3- However, with the same parameters the other 
curvess could not be described very well. Including more parameters to fit this 
singlee curve leads to a multitude of parameters that describe the observations 
equallyy well. A unique set of parameters cannot be obtained from one single 
measurement.. The value of 4.15 Tf.u./^B for DHOCO agrees well with the 
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17.7 7 
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32.3 3 

Tablee 4.2: Values for the intersublattice molecular-field coefficient (in T f.u./n&) 
andand the anisotropy coefficients (in T\i&/f.u.) of HOCOIQTÏQ, found to describe the 
experimentalexperimental curves satisfactorily. The final set is obtained from all curves with 
[̂ooi]]  < 60°. 

valuee of 4.36 Tf.u.///B obtained from the free-sphere measurement. 

Subsequentt inclusion of more parameters and experimental data in the 
calculationss leads to increasingly better agreement between the calculated 
andd experimental magnetization isotherms. Figure 4.17 shows magnetiza-
tionn isotherms for B parallel to the [001] direction and for B parallel to the 
(110)) plane, making an angle of 50° with the [001] direction. Also shown 
aree magnetization isotherms, calculated with 2, 3, 4, and 5 parameters as 
describedd above. The different calculated magnetization curves for B paral-
lellel to [001] represent the measured isotherm equally well. For B parallel to 
(110)) with V'looi] = 50°, only the isotherm calculated with all 5 parameters 
reproducess the measurement. 

Thee calculated isotherms using the parameters from this final analysis 
aree included in Figures 4.14, 4.15 and 4.16. The agreement between the 
measuredd and calculated isotherms is very good. The values for the Ho-
sublattice-anisotropyy coefficients and the Co-sublattice-anisotropy constant 
aree discussed below. The value for the intersublattice molecular-field coeffi-
cientt JJHOCO = 3.90 Tf.u./^tB, leads to a molecular field of 43.6 T. 

Inn Figure 4.18, the calculated magnetic-moment configurations just below 
andd just above the critical field strength are displayed for different crystal 
orientations.. Since we neglected an in-plane anisotropy, we consider only the 
[001]]  direction. Generally, the transition is due to a change in the configu-
rationn of the two sublattice moments. At the transition, the Ho-sublattice 
momentt rotates towards the applied-field direction, while the Co-sublattice 
momentt rotates away from the applied-field direction. For all alignments 
shown,, just below the transition the Ho-sublattice moment is nearly parallel 
too the [001] direction. For V>[ooi] <• 30°, the Ho-sublattice moment rotates to 
aa direction nearly perpendicular to the applied-field direction. A completely 
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Figuree 4.17: Magnetization isotherms of HOCOIQTIQ resulting from the fitting pro-
cedurecedure described in the text for 2, 3, 4, and 5 fitting parameters (lines). Measured 
magnetizationmagnetization isotherms for increasing and decreasing fields. The top panel shows 
thethe magnetization isotherms for B // [001], and the bottom panel for B // (110), 
withwith V'fooi] =

differentt process occurs for V[ooi] > 30°. There, the Ho-sublattice moment 
rotatess from near the [001] direction that is furthest from the applied-field 
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Figuree 4.18: Calculated magnetic-moment configurations in HoCoioTia below and 
aboveabove the critical field for the field applied at different angles with [001]. The thin 
arrowsarrows for the Ho-sublattice moment (dashed) and the Co-sublattice moment (full) 
denotedenote the directions of the sublattice moments with respect to the [001] direction 
(dotted(dotted line) just below the critical fields. The thick arrows denote the sublattice-
momentmoment configurations just above the critical fields. The rotation of the sublattice 
momentsmoments at the critical field strengths are indicated by arrows. The direction and 
approximateapproximate size of the critical field strengths are also indicated. 

direction,, towards the [001] direction that is closest. The angle of rotation 
off  the two sublattice moments for V'IOOI] > 30° is much larger than for V'looi] 
<< 30°. The hysteresis observed for V'looi] > 30° (Figures 4.14, 4.15, and 4.16) 
coincidess with the modelled configurations. 
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4.3.22 Evaluation of the analysis 

Itt should be noted that the intersublattice molecular-field coefficient and 
thee anisotropy coefficients we found are phenomenological, and a priori  no 
physicall  meaning should be adhered to them. However, they can be tested. 
AA few tests are provided below. 

Wee made a calculation of the magnetization of a free single crystal with 
thee intersublattice molecular-field coefficient and the anisotropy coefficients 
wee found, by minimizing Equation 2.22. This calculated magnetization is 
includedd in Figure 4.3. The calculated curve is in good agreement with the 
experimentall  curve. The small bump in the calculated curve near 22 T is 
duee to a rotation of the crystal. The initial estimate for the intersublattice 
molecular-fieldd coefficient nHoCo taken from the slope of the free-sphere mag-
netizationn yields an overestimated value. This is because the Co-sublattice 
anisotropyy was not taken into account, although it is sizable. (See Section 
2.6.1).. The good agreement of the calculated and the experimental curves 
indicatee that the analysis yields the correct balance between the magnetic 
anisotropicss of the two magnetic sublattices. 

Wee calculated the components of the magnetization vector at 5 K for 
BB / / [110] in fields up to 5 T. An excellent agreement is found with the 
experimentall  points, see Figure 4.11. We also calculated the magnetization 
att 4.2 K in fields up to 40 T for B / / [110] and B / / [100]. The results are 
includedd in Figure 4.10. The experimental and the calculated magnetization 
isothermss are in good agreement. 

Thee value of the anisotropy constant (of 32.3 T/ie/f-u.), found for the 
Co-sublatticee at 4.2 K, leads to an anisotropy field of 5.8 T. This value is 
highh compared to values found for YCo10Ti2, 2 T [51] , and YConTi, 3.5 
TT [83]. If we assume that the anisotropy in our crystal at elevated tempera-
turess is dominated by the Co anisotropy, we can compare the values for the 
anisotropyy constant of the Co sublattice at low temperatures to the effec-
tivee anisotropy constants obtained at 300 K and 350 K, see Section 4.2.6. 
Inn Figure 4.19 these values for the anisotropy constant of the Co sublattice 
aree shown as a function of temperature. A linear fit  through the points 
showss that the temperature dependence of the anisotropy constant at high 
temperaturess can be extrapolated to low temperatures. This is consistent 
withh the nearly linear temperature dependence of the anisotropy field found 
forr YConTi [83]. Extrapolating the anisotropy constant in Figure 4.19 to 
higherr temperatures, would lead to a zero value of the anisotropy near 450 
K.. However, no indication of a spin-reorientation was observed in the high-
temperaturee magnetization measurements (Figure 4.1). Nevertheless, the en-
hancedd magnetic anisotropy of the Co-sublattice when compared to YConTi 
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Figuree 4.19: Tentative temperature dependence of the Co-sublattice anisotropy 
inin HOCO\QTV2. The low-temperature value is obtained from the analysis (Sec-
tiontion 4-3.1) of the magnetization curves, and the high-temperature values are the 
effectiveeffective anisotropy constants obtained from the magnetization isotherms (Sec-
tiontion 4-2.6). The line is a linear fit through the data points, and serves as a guide 
toto the eye. 

andd YCoioTi2 seems consistent with our other measurements. 
Fromm the anisotropy coefficients K°, K° , and /tg, for the Ho sublattice at 

4.22 K, values for the anisotropy constants Ki, K2, and K3 can be calculated 
accordingg to Equation 2.27. We find Kx = 252 T /xB/fu., K2 = -328 T /iB/f.u., 
andd K$ = 144 T/iB/f-u.. These values are considerably higher than the K\ 
== 48 T/xB/f.u. found for the Ho anisotropy in the isostructural compound 
HoCo10Mo22 [52]. 

Thee anisotropy coefficients for the Ho sublattice were used to calculate 
thee crystal-field coefficients listed in Table 4.3. The value of 94.4 K aö2 

forr A\ is in good agreement with the reported value of 80 K a^2 found by 
Mössbauerr spectroscopy on the isostructural compound GdConTi [91]. 

Wit hh these coefficients a computer program that minimizes the free en-
ergyy (Equation 2.18) of the two-sublattice crystal-field model was used to 
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A A 
94.44 K aö'z 

A\ A\ 
14.00 K aö4 A A 

0.6711 K aöe 

Tablee 4.3: Crystal-field coefficients A®, A®, and A$ for HoCo\oTia calculated from 
anisotropyanisotropy coefficients. 

calculatee the magnetization isotherms at 4.2 K for all crystal orientations. 
Wee found that these calculations are consistent with the simple calculations. 
Therefore,, at low temperatures, HoCoi0Ti2 can be described in the high-
exchangee limit. This also indicates, that a more elaborate fitting of the ex-
perimentall  data by minimizing the crystal-field Hamiltonian (Equation 2.18) 
wouldd have led to the same set of coefficients. 

Furthermore,, we calculated the spontaneous moment as a function of tem-
peraturee in the two-sublattice crystal-field model. We assumed the molecular 
field,, the crystal-field coefficients, and the Co-sublattice magnetization to be 
temperaturee independent. The results of the calculations are included in 
Figuree 4.5, as a dashed line. A discrepancy exists between the calculated 
spontaneouss moments and the experimental values, the former being larger 
thann the latter at all temperatures except for the lowest ones. At 100 K, 
thee calculated spontaneous moment exceeds the measured spontaneous mo-
mentt by about 0.2 //B/f-u., whereas at 350 K this difference is as large as 
11 /is/f-u.. An underestimation of the Ho-sublattice moment, an overesti-
mationn of the Co-sublattice moment or a combination of these effect may 
bee the cause. From the neutron diffraction experiments, we found that the 
Co-sublatticee magnetization is nearly constant up to above 200 K. There-
fore,, as the main cause for the discrepancy between the calculations and the 
measurements,, the Ho-sublattice moment is probably underestimated in our 
calculations.. Assuming the crystal-field coefficients to be correct, this could 
meann that the intersublattice exchange field becomes larger with increasing 
temperature.. However, we have no experimental evidence to support that. 

Usingg the same computer program, we calculated the susceptibility at 2.5 
TT from the linear increase of the magnetization for B // [001] between zero 
fieldfield and 5 T. The results are included in Figure 4.6. These calculations pro-
videe a better description of the temperature dependence of the experimental 
susceptibilityy at 2.5 T than the one calculated with the aid of a Brillouin 
function. . 
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4.44 Concluding remarks 

Byy measuring magnetization in various, also non-principal, crystallographic 
directionss we find a good phenomenological description of the magnetic prop-
ertiess of the nearly compensated ferrimagnetic compound HoCoi0Ti2. For the 
analysiss of the experimental results we only made use of results obtained on a 
singlee crystal of HoCoi0Ti2 itself. This is in contrast to the usually employed 
method,, that uses the magnetic properties of a compound in which the mag-
neticc rare-earth ion is replaced by Y, to describe the magnetic properties of 
thee transition metal-magnetic sublattice, see e.g. [41]. We find in HoCoi0Ti2 

thatt the Co-sublattice has, at low temperatures, a considerably higher mag-
neticc anisotropy than could be implied from reported values for the com-
poundss YCoi0Ti2 and YConTi [51,83]. The calculated high-field-free-sphere 
isotherm,, that is known to be affected by the anisotropy on both sublattices, 
reproducess the measured isotherm. The effective anisotropy constants ob-
tainedd at high temperatures, assumed to be only due to the Co anisotropy, 
extrapolatee to the value obtained from the low-temperature experiments. 
Therefore,, we believe that using the values of the magnetic properties of 
YY compounds to describe the magnetic properties of the transition-metal 
sublatticee may not be generally correct. 

Thee discrepancies between the measurements and the two-sublattice crys-
tal-fieldd calculations might be related to coefficients that were neglected in 
ourr analysis. We omitted the higher order anisotropy coefficients K\ and 
/cjj,, and therefore the crystal-field coefficients A2 and A\, that describe an 
in-planee anisotropy for the Ho sublattice. It was found in first-principle 
calculationss on the isostructural compound DyCo10V2 [15], that these coef-
ficientsficients should be sizable. On the other hand, the model we used may be 
tooo simplistic. In order to test the validity of the two-sublattice crystal-field 
model,, we would need to obtain the crystal-field coefficients and the intersub-
latticee exchange field at elevated temperatures. Then it would be necessary 
too repeat the low-temperature experiments with the field applied parallel to 
variouss crystal orientations at elevated temperatures. This was not possible 
att the time the experiments were performed. 




