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Chapterr 6 

Three-dimensional l 
magnetizationn process in 
HoFenTi i 

AA first-order magnetization process (FOMP) occurs at low temperatures in 
thee easy-axis tetragonal compound HoFenTi when the field is applied parallel 
too the main planar crystallographic directions. For different orientations, the 
FOMPP occurs at different applied-field strengths. To investigate the FOMP 
inn HoFenTi in detail, we have performed three-dimensional magnetometry on 
aa single crystal. The results show that in fields lower than the field at which 
thee FOMP starts, the magnetic moment rotates within the plane defined by 
thee [001] direction and the applied field. The FOMP represents a rotation 
towardss the applied magnetic field. Depending on the direction of the applied 
field,field, the magnetic moment may rotate out of the plane in which it originally 
resided.. To our knowledge, this work represents the first direct observation 
off  a three-dimensional magnetization process. 

6.11 Introduction 

Ferrimagneticc HoFenTi, crystallizing in the tetragonal ThMni2-type crystal 
structuree (space group I4/mmm, number 139), has been subject of numerous 
investigationss [41,107-109]. The easy magnetization direction was found to 
bee parallel to the [001] direction at all temperatures. For fields applied in the 
basall  plane, below 120 K a first-order magnetization process (FOMP) of type 
III  occurs (see Ref. [47]). The critical field for this FOMP strongly depends on 
thee direction of the applied field, indicating a considerable anisotropy. When 
thee field is applied along the [100] direction, the FOMP occurs at a higher field 
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thann when it is applied along the [110] direction. Remarkably, this FOMP is 
observedd as a non-hysteretic continuous variation of the magnetization. This 
effectt is ascribed to the co-existence of two magnetic phases [41]. 

Furthermore,, from the previous investigations it is clear that at low tem-
peraturess and in applied fields below 15 T, the magnetization of HoFenTi 
iss indistinguishable from that of a ferromagnet. This is due to the high ex-
changee field {nBBex/ks = 100 K [41]) that keeps the Ho and Fe magnetic 
sublatticess antiparallel. 

Fromm the above it is clear that HoFenTi is very interesting to look at by 
meanss of three-dimensional magnetometry. With this technique, the magne-
tizationn is determined not only parallel, but also perpendicular to the applied 
magneticc field direction. In this way, we account for the vector character of 
thee magnetic moment. 

Heree we report on measurements, performed in high magnetic fields ap-
pliedd along non-principal crystallographic directions. The latter is essential 
too ensure that the measurements are performed on single-domain samples. 

6.22 Experimental 

InIn the experiments described in this chapter, the magnetization vector is 
decomposedd into three perpendicular components, Mx, Mv, and M2 (See 
Sectionn 2.6.3). The component along the applied-field direction is called 
Mg.Mg. The component Mx lies in the plane perpendicular to the applied-field 
direction,, along the direction nearest to the easy [001] direction. Two exper-
imentall  setups were employed to monitor the response of the magnetization 
vector:: a Quantum Design SQUID magnetometer and the Amsterdam High-
Magnetic-Fieldd Installation [75]. For all measurements, a single-crystalline 
samplee of HoFenTi, with approximately ellipsoid shape, was oriented into 
differentt crystallographic orientations. Laue X-ray diffraction was used to 
verifyy the orientations. 

6.33 Experimental results 

Below,, the magnetization results are presented as a function of applied field, 
ratherr than internal field. We are aware that the demagnetizing field is not 
negligiblee for this sample. But, because the magnetization changes both 
inn size and direction, the internal field will also change both in size and 
directionn during the magnetization process (see Ref. [110]). We cannot fix the 
directionn of the internal field as a function of applied field, making it difficult 
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Figuree 6.1: Longitudinal magnetization, Mz, of HoFe\\Ti at 5 K for the field 
appliedapplied parallel to the main crystallographic axes [100], [010] and [001]. The lines 
areare guides to the eye. 

too display the magnetization as a function of internal field. Moreover, in the 
experimentss described in this chapter, the demagnetizing effects are small. 
Thiss wil l be argued below, with the aid of magnetic isotherms obtained by 
applyingg the magnetic field along the main crystallographic directions. 

Figuree 6.1 shows the longitudinal magnetization, M 2, as a function of 
appliedd field at 5 K for the main crystallographic directions. The [001] direc-
tionn is the easy magnetization direction. About 0.4 T is needed to saturate 
thee magnetization that starts at zero magnetization in zero applied field. 
Thee saturated magnetic moment in zero field, obtained by extrapolating the 
saturatedd magnetization between 1 T and 5 T to zero field equals about 9.6 
^e/f-u.,, in good agreement with earlier measurements [41]. 

Whenn the field is applied in the basal plane, the magnetization starts 
att zero and slowly increases linearly with the applied field, manifesting the 
largee uniaxial anisotropy. A deviation from this linear field-dependence, the 
FOMP,, starts at about 3.0 T for the [100] direction and at about 2.4 T for the 
[110]]  direction. This different response of the magnetization to the applied 
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fieldfield for the main planar crystallographic directions indicates an in-plane 
anisotropy.. Apparently the [100] direction is the "hard" direction within the 
basall  plane, and the [110] direction is the "easy" direction. 

Inn order to gain some insight in the behavior of the internal magnetic 
fieldfield as a function of the applied field, necessary for comparison of the results 
givenn here with data from other experiments, we can approximate the sample 
ass an ellipsoid. The short axis is along the [001] direction, and the two equal 
longg axes are along the [100] and [010] directions. The demagnetizing factors, 
JV,, for the two cases are calculated to be 0.46 and 0.27, respectively. The 
slopee of the low-field data in Figure 6.1 for the field applied parallel to [001] 
resultss in N = 0.46, in quite a good agreement with the calculated value. The 
samplee has become single domain at about 0.4 T, in reasonable agreement 
withh the maximal demagnetizing field in this direction, which amounts to 
0.299 T. 

Notee that the initial slope for the two in-plane directions (Figure 6.1) 
iss not caused by demagnetization effects, as for the [001] direction, but by 
aa rotation of the moment from the [001] direction towards the applied-field 
direction.. The field is applied in a symmetry direction and, therefore, the 
samplee remains multi-domain with a 50/50 distribution of moments nearly 
parallell  and nearly antiparallel to [001]. 

Lett us now consider a situation characteristic for the three-dimensional 
magnetizationn measurements described in this chapter, with the field applied 
att an angle of 75° with the [001] direction. The field component parallel to 
[001]]  shifts the domain walls out of the sample, while the in-plane component 
rotatess the magnetic moment towards the field direction. 

If,, as a first approximation, the rotation of the magnetic moment is ne-
glected,, the demagnetizing field is directed opposite to the net magnetization 
alongg [001]. HoFeuTi behaves, for field components along [001], as a soft fer-
romagnet.. The demagnetizing field will , at fields lower than the saturation 
field,field, just compensate the magnetizing component of the applied field. There-
fore,, below the saturation field, the internal field is equal to the projection 
off  the applied field on the (001) plane. This projection is only 3.4 % smaller 
(1—sinn 75°) than the applied field. For fields higher than the saturation field, 
stilll  neglecting the rotation of the magnetic moment, the demagnetizing field 
amountss to 0.29 T perpendicular to the (001) plane. The slight rotation 
off  the magnetic moment with increasing field strength will not change this 
picturee significantly. As long as the magnetic moment is close to the [001] 
direction,, the internal field is somewhat canted towards the (001) plane, but 
itss value is nearly equal to the applied field. In high fields, when the moment 
directionn is close to the field direction, the demagnetizing field is nearly op-
positee to the applied field. The strength of the demagnetizing field is then, 



6.3.6.3. Experimented results 99 9 

accordingg to N = 0.27, somewhat less than 0.2 T. 
InIn view of this picture, it seems justified to give the applied field instead 

off  the internal field in all field regions. The main effect to be mentioned 
iss that, in low fields, the internal field is closer to the (001) plane than the 
appliedd field. 

Lett us make some remarks. Firstly, the applied-field strength at which 
thee sample has just become single domain is given by 0.29/cos 75° T, which 
resultss in 1.1 T, in good agreement with the observed values, as will be shown 
later. . 

Secondly,, it should be noted that the rotation of the moment will be, 
withoutt threshold, proportional to the applied field, just as in the curves in 
Figuree 6.1 for the field applied parallel to [100] and [110]. For this rotation, 
onlyy the in-plane component of the applied field is relevant, which is just the 
internall  field. For determination of the single-domain magnetic moment in 
zeroo field, we may, therefore, extrapolate to zero field strength. 

Thesee results provide the framework for the three-dimensional magne-
tometryy presented below. Because we want to describe the microscopic mag-
netizationn process from the macroscopic response, the sample has to be single 
domain.. To select one of the domains in the tetragonal symmetry, the sample 
hass to be rotated out of the high-symmetry directions. To allow the FOMP 
too take place, while ensuring a single domain with respect to the unique [001] 
direction,, we oriented the crystal such that the field makes an angle of about 
75°° with [001]. It is demonstrated above, that with this orientation the sam-
plee will be single-domain at field strengths below the start of the FOMP. 
Withh respect to the high-symmetry planes, (110) and (100), between [001] 
andd the basal plane, a single domain is ensured by a small misalignment out 
off  these planes. 

6.3.11 Low-field results for B in (110) plane 

Thee plane defined by [110] and [001] is called the (110) plane. The field was 
appliedd about 3° away from this (110) plane, making an angle of 75° with the 
[001]]  direction. To determine the field of the FOMP for this orientation, the 
longitudinall  magnetization, Mz, was measured as a function of applied field, 
withh increasing and decreasing field. The results are shown in Figure 6.2. No 
significantt hysteresis is observed. Three separate regions can be discerned. 
Inn the first part, from zero applied field up to about 1 T the magnetization 
increasess from zero to about 3.8 HB/LVL.. In the second part of the curve, 
betweenn 1.25 T and about 2.8 T, the magnetization increases slightly and 
linearlyy with applied field. In the third part of the curve, starting at about 
2.88 T, the magnetization starts to increase rapidly, and tends to saturate 
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Figuree 6.2: Longitudinal magnetization, Mz, of HoFen Ti at 5 K for the magnetic 
fieldfield applied nearly parallel to the (110) plane, making an angle of 75° with the 
[001]]  direction. 

nearr 5 T. The three parts are identified as follows. 
Thee first part represents the saturation process. The observed saturation 

fieldfield is for this orientation approximately 1 T, in good agreement with the 
valuee calculated above. 

Inn the second part, the sample is saturated, and its moment rotates 
slightlyy towards the applied field direction. Extrapolation of the magne-
tizationn between 1.25 T and 2.8 T to zero field yields the saturated magnetic 
momentt in the direction of the applied field, about 3.3 ^s/f-u.. The spon-
taneouss magnetization of the sample equals about 9.6 /UB/LU.. Thus the 
anglee of the saturated magnetic moment with the applied field, given by 
cos## = 3.3/9.6, equals about 70°, indicating that the saturated magnetic 
momentt is nearly parallel to the [001] direction. The small discrepancy with 
thee intended orientation of the sample may be attributed to demagnetization 
effectss or to a small misalignment of the sample. Finally, in the third part a 
FOMPP occurs, starting at about 2.8 T, to be compared to about 2.4 T when 
thee field is applied parallel to the [110] direction (Figure 6.1). 
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Figuree 6.3: The three components of magnetization Mx, My, and Mz and the total 
magneticmagnetic moment Mtot of HoFe\\ Ti at 5 K. The field was applied nearly parallel 
toto the (110) plane, making an angle of 75° with [001]. The lines are guides to the 
eye. eye. 

Thee three components of the magnetization Mx, My, and Mz, were mea-
suredd at 5 K with decreasing field down from 5 T. The results are shown in 
Figuree 6.3, including the total magnetic moment of the sample, which is the 
vectorr sum of the three components. Note that the negative sign for Mx is 
aa consequence of the orientation matrix we use in this chapter (see Section 
2.6.3).. As above for M2, we may distinguish three parts in the magnetization 
curves. . 

Startingg from zero, the magnetization saturates just above 1 T. In zero 
fieldfield Mx, My, Mz and Mtot all equal to zero. Then the values of Mx and 
M22 increase, so that Mtot reaches the value of the saturated magnetization 
off  about 10 ̂ e/f-U-, which is in good agreement with the above mentioned 
valuee of 9.6 fx^/l.u.. My remains zero. 

Betweenn 1.5 T and 2.75 T, the size of Mx decreases, while M2 increases 
slightly.. My remains zero. Here it is noted that Mx is indeed measured 
nearr the easy [001] direction. M tot remains essentially constant in this field 
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interval.. Extrapolation of Mx between 1.5 T and 2.75 T yields a saturated 
magneticc moment perpendicular to the applied field of about 9.4 /ifi/f-u. . The 
anglee of the saturated magnetic moment with respect to the applied field can 
noww be calculated from the saturated moments parallel and perpendicular 
too the applied field. It is given by tanö = 9.4/3.3, and equals about 71°. 
Extrapolationn of the total magnetic moment between 1.5 T and 2.75 T to 
zeroo field yields a saturated total magnetic moment of about 9.9 /ie/fu., 
whichh is near the 9.6 /ie/f-u. reported above. Prom the above it is clear, 
thatt in the field interval between 1.5 T and 2.75 T the magnetic moment 
rotatess slightly towards the applied-field direction, without changing its size. 
Itt remains near [001]. 

Thee FOMP, above 2.75 T, is associated with a decrease of the size of Mx, 
andd an increase of Mz, while also a small value for My is observed. The 
totall  magnetic moment first decreases slightly with increasing field, up to an 
appliedd field of about 3.5 T. Above this field, it increases again. 

Forr this orientation, the FOMP is a rotation of the magnetic moment 
towardss the applied-field direction. It takes place towards a direction in the 
(110)) plane, near which the field is applied. The small observed value for 
M v,, is related to the misalignment of the sample, as will be shown below. 

6.3.22 High-field results for B in (110) plane 

Forr the measurements at 4.2 K in applied fields up to 15 T, the crystal orien-
tationn was the same as for the measurements described above. The observed 
threee components Mx, My, Mz of magnetization and the total magnetic mo-
mentt of the sample M tot are displayed in Figure 6.4a. Up to 5 T, the results 
aree clearly very similar to those displayed in Figures 6.2 and 6.3. The FOMP 
startss at about 2.9 T. It is marked by an anomalous increase of Mz and 
decreasee of Mx. Also in this experiment a small My is observed above 2.9 T. 
Thee three components of the magnetization and the total magnetic moment 
tendd to saturate above about 8 T. This indicates that the FOMP has been 
completedd above 8 T. 

Thee decrease and subsequent increase of the total magnetic moment be-
tweenn 2.9 T and 8 T is a sign of the coexistence of two magnetic phases. 
Becausee during the FOMP two phases coexist, a volume fraction ƒ of the 
samplee contains the low-field phase. The other volume fraction, 1 — ƒ, then 
containss the high-field phase. Outside of the field interval of coexistence, the 
componentss of magnetization increase slightly and linearly. We assume that 
thee low-field phase follows the same field dependence as below 2.9 T, and 
thatt the high-field phase follows the same field dependence as above 8 T. We 
addedd the thus obtained components of the magnetization of the high-field 
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Figuree 6.4: a: The three components of magnetization Mx, My, and Mz and the 
totaltotal magnetic moment M tot of HoFen Ti at 4.2 K. The field was applied nearly 
parallelparallel to the (110) plane, making an angle of 75° with the [001] direction, b: 
TheThe three regimes that occur in the magnetization process: a low-field phase, an 
intermediateintermediate range with coexistence, and a high-field phase. The inset shows the 
fractionfraction of the low-field phase as a function of applied field. The lines show the 
calculatedcalculated values, the symbols show the measured values. 
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Figuree 6.5: Longitudinal magnetization, Mz, of HoFen Ti at 5 K for the magnetic 
fieldfield applied nearly parallel to the (100) plane, making an angle of 73° with [001]. 

phasee and the low-field phase in the interval of coexistence using an appro-
priatee function ƒ. Apparently the behavior of ƒ is exponential. We tried 
ƒƒ = exp(-(B - 2.8)) for B > 2.8 T (it is ƒ = 1 for B < 2.8 T). In Fig-
uree 6.4b this procedure is clarified and the resulting values of Mx, My, and 
MMzz in the coexistence region are displayed. Also displayed is the total mag-
neticc moment of the sample, calculated with the aid of ƒ. Note that the total 
magnetizationn decreases just above the onset field of the FOMP, and then 
increasess again until it reaches the value of the saturation magnetization. 

6.3.33 Low-field results for B in (100) plane 

Thee plane defined by [100] and [001] is the (100) plane. The field was applied 
aboutt 1° away from this (100) plane, making an angle of 73° with [001]. 
Too determine the field of the FOMP for this orientation, the longitudinal 
magnetizationn Mz was measured as a function of applied field, with increasing 
andd decreasing field. The results are shown in Figure 6.5. Also in this case, no 
significantt hysteresis is observed and three separate regions can be discerned. 
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Inn the first part, from zero applied field up to about 1.25 T the magnetization 
increasess from zero to about 3.5 (XB/Ï.U.. In the second part of the curve, 
betweenn 1.25 T and about 3.75 T, the magnetization increases slightly and 
linearlyy with applied field. In the third part of the curve, starting at about 
3.755 T, the magnetization starts to increase rapidly. This increase becomes 
lesss rapid towards 5 T. The three parts are, just as for the experiment with 
thee field applied near the (110) plane, identified as the saturation process, a 
slightt rotation of the saturated moment towards the applied field, and the 
FOMP,, respectively. Extrapolation of the magnetization at applied fields 
betweenn 1.3 T and 3.75 T to zero field amounts to about 3.0 /za/fu. The 
anglee of the saturated magnetic moment with the applied field, given by 
cos## = 3.0/9.6, equals about 72°, indicating that the saturated magnetic 
momentt is near the [001] direction. A small misalignment of the sample, or 
demagnetizationn effects may cause this small discrepancy with the intended 
orientationn of the sample. The FOMP starts at about 3.75 T, to be compared 
too about 3.0 T when the field is applied parallel to the [100] direction (see 
Figuree 6.1). 

Thee three components of the magnetization, Mx, Mv, and Mz were mea-
suredd at 5 K with decreasing field starting from 5 T. The results are shown 
inn Figure 6.6, including the total magnetic moment of the sample. As above 
forr Mz, three parts can be distinguished in the magnetization curves. 

InIn zero field, Mx, My, Mz and M tot all equal to zero. Upon increasing 
thee applied field, the values of Mx and Mz increase, so that M tot reaches the 
valuee of the saturated magnetization, near 10 ^a/f-u.. My remains zero. 

Inn the field interval between 1.5 T and 3.75 T, the magnetic moment 
rotatess slightly towards the applied-field direction, without changing its size. 
Thee value of Mx decreases while Mz increases, both slightly and linearly. My 

remainss zero. Here it is noted that Mx is indeed measured near the easy [001] 
direction.. Extrapolation to zero field of Mx between 1.5 T and 3.5 T yields 
aa saturated magnetic moment perpendicular to the applied field of about 9.3 
//B/f-u.. The angle of the saturated magnetic moment with the applied field 
cann be calculated from the saturated moments parallel and perpendicular 
too the applied field. It is given by tan0 = 9.3/3.0, and equals about 72°. 
Extrapolationn of the total magnetic moment between 1.5 T and 3.5 T to 
zeroo field yields a saturated total magnetic moment of about 9.8 /ia/f-u., 
whichh is close to the 9.6 //a/f-U- reported above. 

Thee occurrence of the FOMP, above 3.75 T, is marked by the rapid 
changeschanges in Mx and Mz, while also a small My is observed. 
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Figuree 6.6: The three components of magnetization Mx, My, and Mz and the total 
magneticmagnetic moment Mtot of HoFen Ti at 5 K. The field was applied nearly parallel 
toto the (100) plane, making an angle of 73° with [001]. The lines are guides to the 
eye. eye. 

6.3.44 High-field results for B in (100) plane 

Forr the measurements at 4.2 K in applied fields up to 15 T, the orientation 
off  the crystal was the same as in the measurements in the SQUID. The 
threee components Mx, My, Mz of the magnetization and the total magnetic 
momentt of the sample M tot determined are displayed in Figure 6.7a. Up to 
55 T, the results are similar to those displayed in Figures 6.5 and 6.6. In this 
figure,, the FOMP starts at about 3.8 T, in reasonable agreement with the 
low-fieldd measurement. It is marked by a rapid increase of My and M2, and a 
rapidd decrease of Mx. For the total magnetic moment, a decrease is found at 
thee onset of the FOMP. The component parallel to the applied field, Mz and 
thee total magnetic moment, Mtot, tend to saturate above about 8 T, whereas 
thee perpendicular components Mx and My still show some susceptibility. 
Thiss indicates that the FOMP has completed above about 8 T and that the 
magneticc moment is only slightly rotating with increasing field. 
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Figuree 6.7: a: The three components of magnetization Mx, My, and Mz and the 
totaltotal magnetic moment M tot of HoFen Ti at 4.2 K. The field was applied nearly 
parallelparallel to the (100) plane, making an angle of 75° with [001]. b: The three regimes 
thatthat occur in the magnetization process: a low-field phase, an intermediate range 
withwith coexistence, and a high-field phase. The inset shows the fraction of the low-
fieldfield phase as a function of applied field. The lines show the calculated values, the 
symbolssymbols show the measured values. 
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Ass above, for the field applied in the (110) plane, the decrease and sub-
sequentt increase of the total magnetic moment between 3.8 T and 8 T is a 
signn of the coexistence of two magnetic phases. We apply the same analysis 
ass above, with the volume fraction of the low-field phase, ƒ, as a function of 
appliedd field given by ƒ = exp(-(B - 3.8)) for B > 3.8 T (it is ƒ = 1 for B 
<<  3.8 T). 

Figuree 6.7b shows the function ƒ, the resulting calculated magnetization 
componentss and the total magnetic moment of the sample. From the agree-
mentt with the observed results, we conclude that it is the coexistence of two 
magneticc phases that causes the decrease and subsequent increase of the total 
magneticc moment. 

6.44 Discussion and conclusions 

Forr easy comparison with other measurements, the magnetization vector, 
determinedd in the coordinate system of the magnetometer, is transformed to 
thee coordinate system of the tetragonal crystal axes. For this, we constructed 
aa rotation matrix P (see Section 2.6.3). The magnetization in the coordinate 
systemm of the tetragonal crystal axes [100], [010], and [001] is obtained by 

Forr the field applied near the (110) plane, we used the rotation angles, 
ass defined in the Section 2.6.3, C = 42° and ip = 75°. Figure 6.8a shows the 
magnetizationn components of Figure 6.4 projected on the crystal axes. The 
figurefigure clarifies the magnetization process. Up to the start of the FOMP, near 
2.88 T, the magnetic moment stays almost parallel to [001], the easy magneti-
zationn direction in zero field. With increasing field, it bends slightly towards 
thee applied magnetic field, i.e. towards the [110] direction. Then the FOMP 
startss and the magnetic moment rotates towards a direction that is much 
fartherr away from the [001] direction. The observed difference between the 
signalss in the [100] and [010] directions is within the experimental accuracy, 
inn particular in view of the uncertainties in the field compensation. We con-
cludee that, for this crystallographic orientation, the FOMP is a rotation of 
thee magnetic moment within the (110) plane. As estimated by simple geom-
etry,, the angle of the magnetic moment with the [001] direction is about 13° 
inn 2.9 T, and reaches about 61° in 15 T. 

Wee also made model calculations of the magnetization of HoFenTi for this 
orientation.. The employed model uses a single-ion crystalline-electric-field 
descriptionn for the Ho magnetic sublattice, a phenomenological description 
off  the Fe magnetic sublattice and a mean-field description of the exchange 
interactionss (Section 2.5). Details and the parameters used can be found in 
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Figuree 6.8: a: The three components of magnetization from Figure 6.4 projected 
ontoonto the crystal axes, b: Simulated magnetization f or the field applied in the (110) 
plane,plane, making an angle of 75° with [001], projected onto the crystal axes. 
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Ref.. [41]. The crystalline-electric-field coefficients A°, A\, A\, A$ and AQ 
weree taken to be equal to -20.5 K a^2, -11.1 K OQ4, -153.2 K a^4, 5.02 K aö6 

andd -0.81 K a "̂6, respectively. The magnetic moment of the Fe sublattice was 
takenn to be equal to 19.65 /4B, and the anisotropy constants K\ and K% for 
thee Fe sublattice 24 K/f.u. and 0.44 K/f.u., respectively. The exchange-field 
energyy ^B-B&T/& B was taken to be equal to 100 K. It has to be mentioned 
thatt the magnetization is calculated as a function of internal field. 

Thee results of the simulation are shown in Figure 6.8b. The moments 
inn the [100], [010] and [001] direction are displayed, together with the total 
magneticc moment. Note that the simulated [100] and [010] moments stay the 
samee during the magnetization process, showing that the magnetic moment 
stayss in the (110) plane. Outside the coexistence range, the calculated curves 
agreee qualitatively with the experimental curves. The FOMP takes place at 
aboutt 3.5 T and is calculated as a discontinuous rotation of the moment. 
Thiss discontinuity occurs, because the model does not take into account the 
coexistencee of the low-field phase and the high-field phase. Above about 3.5 
T,, the calculated magnetization continues to rotate slightly towards the field 
direction.. The equal [100] and the [010] components of the magnetization 
increasee slightly with increasing field strengths, while the [001] component 
decreases.. The calculated angle of the magnetic moment with the [001] di-
rectionn amounts to 9.5° in 2.9 T and 66.6° in 15 T, showing good agreement 
withh the experimental results. 

Thee magnetization components for the field applied near the (100) plane 
weree also projected on the tetragonal crystal axes [100], [010], and [001]. We 
usedd the rotation matrix P with rotation angles (see Section 2.6.3) C = 1° and 
%j)%j) = 73°. Figure 6.9a shows the magnetization of Figure 6.7 projected on the 
crystall  axes. The figure clarifies the magnetization process. Up to the start 
off  the FOMP, near 3.8 T, the magnetic moment remains almost parallel to 
[001],, the easy magnetization direction in zero field. With increasing field, it 
bendss slightly towards the applied magnetic field, towards the [100] direction 
(thee signal for the [010] direction remains zero). Then the FOMP starts and 
thee magnetic moment rotates sharply away from the [001] direction. At the 
samee time, the magnetic moment rotates out of the (100) plane, denoted by 
thee large [010] component. The estimated angle with the [001] direction is 
aboutt 10° at 3.7 T, and 66° at 15 T. The angle of the projection of the 
momentt on the basal plane with the [100] direction equals zero in low fields, 
andd increases to about 28° at 8 T, above which field strength it remains 
nearlyy constant up to 15 T. 

Wee also made model calculations for the magnetization of HoFenTi for 
thiss orientation. The parameters were the same as above. The results of the 
simulationn are shown in Figure 6.9b. The moments in the directions of the 
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Figuree 6.9: a: The three components of magnetization from Figure 6.7 projected 
ontoonto the crystal axes, b: Simulated magnetization for the field applied in the (100) 
plane,plane, making an angle of 73° with [001], projected onto the crystal axes. 
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crystall  axes, together with the total magnetic moment, are displayed. The 
calculatedd curves agree qualitatively with the experimental curves, at least 
outsidee of the coexistence range. 

Inn fields increasing up to about 5.5 T, the magnetic moment rotates 
slightlyy towards the field direction. The FOMP takes place at about 5.5 T, 
showingg a fairly large discrepancy with the measured 3.8 T. It is a discontin-
uouss rotation of the moment. Above 5.5 T, the calculated magnetic moment 
hass components in all three crystal-axis directions. The moments in the [010] 
andd the [001] direction decrease slightly with increasing field, while the mo-
mentt in the [100] direction increases slightly with increasing field. The angle 
off  the magnetic moment with the [001] crystallographic direction amounts to 
10°° at 3.7 T and 63.8° at 15 T. The angle of the projection of the magnetic 
momentt on the basal plane with the [100] direction equals zero in low fields, 
andd decreases from 25.5° at 5.5 T to 10.8° at 15 T. Just as for the FOMP 
field,, a fairly large disagreement with the measurements exists for the angle 
off  the magnetic moment with the principal axes. 

Theree are some discrepancies between the calculations and the exper-
iment.. They may arise from misorientation of the sample and from the 
limitedd accuracy of the measurements. It should be noted, however, that the 
modell  employed here was developed on the basis of measurements made only 
alongg the main crystallographic directions [41]. The discrepancies between 
thee measured and calculated magnetization process are largest for the experi-
mentss with the field applied in the (100) plane. It is for this direction that the 
magnetizationn process is three-dimensional, as opposed to the experiments 
withh the field applied in the (110) plane, where it is two-dimensional. There-
fore,, when one measures only the projection of the magnetic moment vector 
onn the applied-field direction, less is learned about the magnetic-moment di-
rectionn when the field is applied in the (100) plane than when the field is 
appliedd in the (110) plane. 

Whenn the field is applied in the (100) plane, the FOMP represents a three-
dimensionall  magnetization process in which the magnetic moment rotates out 
off  the plane where it originally resided. This is corroborated by the model 
calculations.. A calculation of the free energy as a function of angle, made 
byy means of the same program as used for Figures 6.8 and 6.9, clarifies the 
originn of this three-dimensional process. There exist two inequivalent minima 
inn the free energy: a zero-field minimum along the [001] direction, and a local 
minimum,, located in the (110) plane, about 60° away from the [001] direction. 
Figuree 6.10 shows the free energy as a function of angle in the relevant l/16th 

partt of a sphere. The magnetic moment, shown as a red arrow, rotates to 
thee absolute minimum of the free energy, which is influenced by the applied 
magneticc field, shown as a blue arrow. In a field of about 3 T (Figure 6.10a) 
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Figuree 6.10: Calculated free energy surfaces (in K units) for HoFenTi at 4.2 
K.. Also displayed are the applied field direction (blue arrow) and the magnetic-
momentmoment direction (red arrow). The surfaces for the field applied in the (110) plane, 
75°° away from [001], are displayed in 6.10a (3 T) and 6.10b (4 T). The surfaces 
forfor the field applied in the (100) plane, 75° away from [001], are displayed in 6.10c 
(51)(51) and6.10d(6T). 

appliedd in the (110) plane, 75° away from [001], the moment is pulled slightly 
outt of the zero-field minimum located at [001]. Increasing this field up to 4 
TT causes the moment to jump to the local minimum (Figure 6.10b). For the 
otherr orientation, with the field applied 73° away from the [001] direction in 
thee (100) plane, a similar rotation occurs. At 5 T (Figure 6.10c), the moment 
iss pulled towards the field, in the (100) plane, and at 6 T (Figure 6.10d) it 
iss located near the minimum in the (110) plane, but slightly towards the 
[100]]  direction. The angle between the applied field direction and the local 
minimumm is smaller than the angle between the applied field and [001]. 

Withi nn the model that we used for the calculations, the magnetization 
processs in HoFenTi is a first-order process. The results described in this 
chapterr present experimental evidence. Recently [111], experimental evi-
dencee for the coexistence of two magnetic phases obscuring a first-order pro-
cesss was found in DyFe10CoTi, which is isostructural with HoFenTi. This 
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materiall  has, besides a second-order spin reorientation at higher tempera-
tures,, a first-order one at 100 K. The direction of the ordered magnetic 
momentt changes from easy plane below 100 K to easy cone above this tem-
perature.. The coexistence of the two phases was observed around 100 K by 
meanss of the magneto-optical Kerr effect. 

Thee origin of the coexistence, is likely not microscopic but macroscopic. 
AA measurement of the magnetization at 1.5 K, with the field applied near 
thee [100] direction, shows no significant difference with a measurement at 
55 K. The exponential nature of the fraction function describing the coex-
istence,, may be helpful for finding a model. The coexistence may have a 
magnetoelasticc or a magnetostatic origin, as discussed in Ref. [Ill ] for the 
isostructurall  DyFenTi compound. 

Anotherr sophisticated way to measure magnetic anisotropics, by deter-
miningg the magnetization vector, both length and direction, is by means of 
polarized-neutronn diffraction [112]. The magnetic anisotropy of cubic US has 
beenn determined in this way. Lander et al. [112] mention as advantages of 
theirr method, that it measures, in contrast to conventional methods, the ac-
tuall  direction of the moment rather than simply its projection on the applied-
fieldd direction. Moreover, it measures the length and the direction of the mag-
neticc moment vector simultaneously, thus preventing systematic errors. The 
resultss presented in this chapter show that three-dimensional magnetometry 
iss also a good way to measure simultaneously both length and direction of 
magnetic-momentt vectors. Three-dimensional magnetometry has as an ad-
vantagee that it is more easily accessible than polarized-neutron diffraction. 
Thee advantage of neutron diffraction over three-dimensional magnetometry 
remainss its sensitivity to different crystallographic sites. 

Concluding,, the results presented here show clearly that a three-dimen-
sionall  magnetization process occurs in HoFenTi, as could be inferred from 
modell  calculations. Generally, the results and model calculations agree rea-
sonablyy well. Some tools are provided that might be useful for the analysis of 
thee results of three-dimensional magnetometry. Furthermore, we show that 
three-dimensionall  magnetometry provides experimental evidence for the co-
existencee of two magnetic phases as associated with the FOMP in HoFenTi. 
However,, to further exploit the strength of three-dimensional magnetometry, 
thee accuracy of the measurements should be improved. Then it could provide 
aa test for various magnetic models. 


