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Chapterr 4 
Orthorhombicc CeCu2-type compounds 

Inn Chapter 3. the experimental specific-heat techniques have been discussed. In the 

presentt chapter, we focus our attention on the next step in the research on 4f and 5f 

intermetallicc systems. We will focus mainly on two unique features of actinide intermetallic 

materials,, namely the huge magnetocrystalline anisotropy and the anomalous electronic 

properties.. In order to receive more systematic information on the magnetocrystalline 

anisotropyy in U compounds, we will concentrate on the aspects of magnetism in equiatomic 

ternaryy intermetallic compounds UTGe of U with transition (T) metals. There are several 

characteristicc types of crystal structures in which the members of the large UTX (X = p-

electronn metal) family crystallize. The most frequently adopted structures are the hexagonal 

ZrNiA ll  (Fe2P) structure, the orthorhombic TiNiSi (CeCu:) structure and the hexagonal 

GaGeLii  (Caln2) structure. Also RCu2 (R is a rare-earth element) intermetallic compounds, 

whichh crystallize in the CeCu2 structure, have found large scientific interest because of the 

orthorhombicc symmetry that leads to anisotropic magnetic behaviour with a large number of 

peculiarr details (several magnetic phases and transitions at low temperatures). For example, 

DyCu22 shows a conversion of the magnetic 'Ising axis' in high magnetic fields. In the present 

chapter,, we wil l mainly study the influence of this axis conversion on the crystal lattice. 

( 33 u O T. x 

Figuree 4.1. Schematic representation of the CeCu2-type of structure. 
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Inn the case of UTGe compounds, the crystal structure of the CeCui type (space group Imma) 

consistss of U zigzag chains along the b axis, so that each U atom has only two nearest U 

neighbourss at a distance of the order of 350 pm (see Fig. 4.1). The U atoms occupy the 4e Ce 

sites,, and the T-metal and Ge atoms randomly occupy the 8h Cu sites [4.1 ] or form an ordered 

ternaryy compound (TiNiSi-structure type, space group Puma) [4.2], The TiNiSi structure is 

thee ordered variant of the CeCu: structure, which can in turn be considered as a distortion of 

thee hexagonal A1B; structure. In RCui compounds, the R atoms and the Cu atoms occupy the 

4ee and 8h sites, respectively, and form a double-layer structure along the c axis (see Fig. 4.1). 

Too facilitate the comparison between these interesting groups of compounds, the 

electronicc properties of UTGe compounds crystallizing in TiNiSi (CeCu:)-type of crystal 

structuree are described in Section 4.1. In Section 4.2. the orthorhombic DyCu; compound 

crystallizingg in the same CeCu? type of structure is presented as a model system for the 

investigationn of antiferromagnetic order caused by bilinear exchange interactions of trivalent 

RR ions in a strongly-anisotropic magnetic system. 

UTX X 

Figuree 4.2. Schematic diagram illustrating the systematics of some electronic properties of UTX 

compoundss crystallizing in the CeCu:-type of structure. The type of the ground state is abbreviated as 

P:: Pauli paramagnetic. P/SF: Paramagnetic with Spin Fluctuations. F: Ferromagnetic and AF: 

Antiferromagnetic.. The magnetic moment measured at 35 T along the easy magnetization direction is 

u.35T,, the magnetization value extrapolated from high fields to 0 T is u„  and y represents the coefficient 

off  the linear term of the specific heat (taken from 4.16). 
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4.1.. UTGe 

Mostt of the ternary intermetallics of composition UTGe crystallize in the orthorhombic 
structuree (CeCu2 type). The ground state and some basic properties are given in Fig. 4.2, 
illustratingg the systematics of some electronic properties. The basic magnetic properties of 
UTGee compounds have been studied first by Troc and Tran [4.3] on polycrystalline materials. 
Variouss electronic ground states are observed in these compounds, ranging from simple 
(Pauli)) paramagnetism to complex magnetic ordering. Apart from UCoGe and URuGe, in all 
thee remaining Ge compounds a magnetically-ordered ground state has been found. This 
groundd state is ferromagnetic in URhGe and antiferromagnetic in UNiGe, UlrGe and UPtGe. 
Alll  these compounds are in the critical region between itinerant and localized 5f-electron 
behaviour.. They exhibit a variety of magnetic properties, which are primarily determined by 
thee strength of the 5f-ligand hybridization. 

4.1.1.. UNiGe 

Introduction n 

Att present. UNiGe is the most thoroughly studied 1:1:1 germanide and results have been 
obtainedd on very good quality single crystals. This compound is of special interest as it shows 
bothh a huge magnetocrystalline anisotropy and a rather complicated magnetic structure. 

Inn UNiGe, there was originally thought to be one magnetic transition from the 
paramagneticc (P) to the antiferromagnetic (AF) state at 41.5 K [4.41, and the low-temperature 
magneticc structure was thought to be collinear with moments either along the b axis [4.5] or 
thee c axis [4.4|. Bulk high-field-magnetization measurements [4.6] have shown that a is the 
hardd axis and therefore the moments should lie in the b-c plane. However, subsequent 
specific-heatt [4.7] and magnetization measurements [4.8] have shown the presence of two 
magnetic-orderingg temperatures at 41.5 and 50 K. Furthermore, neutron-diffraction (ND) 
studiess on a single crystal have shown that the moment in the low-temperature phase of 
UNiGee is commensurate with q = (0. 1/2, 1/2) and that an incommensurate (IC) phase with 
qq = (0, 5, 5) exists between 41.5 K and 50 K. A third magnetic phase was found which is only 
stablee in applied magnetic fields, the 1/3 phase which has a propagation vector 
qq = (0. 1/3. 1/3) [4.4-9]. In addition. Nakotte et al. [4.10] have established that both zero-field 
phasess are well described in terms of single-q non-collinear arrangement of the moments, 
whichh form in two domains. These authors have proposed a relationship between the three 
magneticc phases. The IC phase is believed to consist of ferromagnetic (F> sheets with 

aa < + + - ) stacking with a spin-Hip even 20'h layer or so. The (0. 1/3. 1/3) phase has the same 
(++ + —) stacking of F sheets, but there is no spin-flip. The commensurate (0. 1.2. 1/2) phase, 
onn the other hand, has F sheets stacked in a (+ —) sequence. 

Inn order to define the complex magnetic phase diagrams, magnetization curves were 
measuredd by Briick et al. [4.16) in magnetic fields up to 35 T applied along the b and the c 
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axess (see Fig. 4.3). also at elevated temperatures up to 60 K |4. I l j . At 4.2 K. two 

metamagneticc transitions are induced in fields applied along the b axis (at 17 and 2? T). and 

twoo metamagnetic transitions along the c axis (at 3 and 10 T) [4.6). Furthermore, at somewhat 

higherr temperatures, the b-axis transition at 17 T splits into two transitions [4.8]. 

Purwantoo et al. [4.12] have concluded, however, that only one of the 17 T transitions and one 

off  the 25 T transitions are intrinsic to the b axis and that the other two transitions are due to 

minorityy phase in the main crystal. They have also argued that the intrinsic b-axis B-T phase 

diagramm exhibits only three different magnetic phases similar to the c-axis B-T phase diagram 

|4.12|. . 

Thee complex magnetization behaviour of UNiGe motivated us to perform a more 

elaboratee study of the specific heat and magnetization in magnetic fields up to 17.5 and 

19.55 T. respectively. In particular. specificTieat measurements offer an excellent opportunity 

too observe phase transitions which are not or only barely visible in standard magnetic 

measurements.. Use has been made also of results of detailed studies of ND in magnetic fields 

upp to 6 T [4.4-11]. 

00 10 20 30 40 

Figuree 4.3. Magnetization of a UNiGe single crystal at 4.2 K in magnetic fields up to 40 T along the 
threee principal axes [4.16]. 

Exper imental l 

Thee experimental results were obtained on a single crystal of UNiGe. grown from 

aa stoichiometric melt by a modified Czochralski tri-arc method at the FOM-AUMOS Centre at 

thee University of Amsterdam. Two pieces of UNiGe. with a total mass of 1.22 gram, were cut 

byy spark erosion along the three principal axes. The specific heat was measured by means of 

thee semi-adiabatic technique in the temperature range between 400 mK and 65 K in magnetic 

fieldss up to 17.5 T. applied along the three principal axes. Temperature scans of the magnetic 

responsee in static magnetic fields up to 19.5 T applied along the b and c axis has been 
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performedd by Dr. H. Nakotte in the 20 T superconducting magnet at the Los-Alamos Pulse 

Fieldd Facility of the National High Magnetic Field Laboratory. 

Results s 

Inn zero field, the temperature dependence of the specific heat. C/T, shows a sharp peak at 

41.55 K marking a first-order transition and a second less pronounced anomaly at 50 K 

(Fig.. 4.4), the temperatures where magnetic transitions occur. In order to obtain the magnetic 

entropy,, we have determined the magnetic part to the specific heat, CM . of UNiGe as the 

differencee between the measured specific heat and an estimated contribution of the lattice to 

thee specific heat which was estimated by fitting the specific-heat curve over the whole 

temperaturee range considered to a Debye temperature of 9D = 260 K. After subtraction of the 

latticee contribution, the magnetic entropy at 65 K, in zero magnetic field, can be estimated to 

bee somewhat smaller than R. Using Eq. 2.5, we obtain a J value of 0.81 which is much 

smallerr than the values for the free U3+ and U4+ configurations which are 9/2 and 4, 

respectively. . 

1.0 0 

0.8 8 

Ö33 0.6 
E E 

OO 0.4 

0.2 2 

0.0 0 
00 20 40 60 

T(K) ) 

Figuree 4.4. Temperature dependence of the specific heat. CAT. versus T of a UNiGe single crystal in 

zeroo field. The dotted line corresponds to the fitted electronic contribution. The dashed curve 

correspondss to the fitted phonon contribution. The dash-dot line corresponds to the calculated 

Schottkyy contribution. The solid curve corresponds to the total fit. the sum of the electronic, the 

phononn and the Schottky contribution. 
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Inn order to study the magnetic phase transitions that are found in the c- and b-axis 

magnetization,, we have performed specific-heat measurements in various magnetic fields. In 

Fig.. 4.5c. we have plotted the field dependence of the specific heat in fields applied along the 

c-axis.. The AF peak at 41.5 K vanishes at around 2 T, while the peak at 50 K becomes more 

pronouncedd with increasing field. The magnetic entropy determined in the same way as in the 

zero-fieldd case decreases when a field of. for instance. 8 T is applied (Table 4.1). This 

suggestss that at least a part of the magnetic entropy at lower fields is due to the presence of 

magneticc fluctuations. 

Figuree 4.5. Specific heat of UNiGe in a plot of C/T versus T at various magnetic fields applied along 
(a)) the a axis, (b) the b axis and (c) the c axis 

Inn Fig. 4.5b, typical temperature dependencies of the specific heat for fields applied along 

thee b-axis are shown. The peak at 41.5 K disappears between 2 and 4 T while, similar to the c-

axis,, the peak at 50 K is still present at 16 T: its position has hardly changed. Also for this 

configuration,, the magnetic entropy decreases with increasing field (Table 4.1), although this 

reductionn is smaller than for the c-axis orientation. 

Tablee 4.1. Parameters derived from fitting the measured specific heat of a UNiGe single crystal in 
differentt magnetic fields applied along the three principal axes with expression 4.1. 

y y 
(mJ/moluK2) ) 

27.00  0.50 

26.55  1.00 

34.00  1.00 

26.88  0.50 

38.22 0 

A A 

(K) ) 

109(2) ) 

107(2) ) 

111(1) ) 
112(1) ) 

109(2) ) 

gi/go o 

2.0(1) ) 

2.0(1) ) 

2.0(1) ) 

2.0(1) ) 

2.0(1) ) 

SM M 

(J/mol,, K) 

8.01(2) ) 

7.81(2) ) 

7.32(2) ) 

7.43(2) ) 

7.68(2) ) 
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Finally,, in Fig. 4.5a. the temperature dependencies of the specific heat measured at 

constantt fields applied along the a-axis are shown. For B//a. no field dependence of the 

specificc heat is expected, as the a-axis is the hard magnetization axis. The intensity of the peak 

att 41.5 K is found to display a weak field dependence up to 12 T. above which it becomes 

broadened.. The anomaly at 50 K. becomes slightly more pronounced with increasing field. 

Thee magnetic entropy is found to decrease if a magnetic field is applied (Table 4.1). 

Furthermore,, we have studied the field dependence of the low-temperature contribution to 

thee specific heat of UNiGe. which provides information on the Fermi-surface. For this, we 

measuredd C/T versus B at 850 mK for the three principal axes (see Fig 4.6). Data were taken 

withh increasing field. For B//b. C/T shows an increase in fields between 4 and 8 T. saturates 

betweenn 8 and 12 T and increases again above 12 T though this increase is higher than for 

B//c.. There is no field dependence observed for the low-temperature specific heat when the 

magneticc field is applied along the a-axis. 

40 0 

O O 
E E 

E E 

O O 

30 0 

20 0 

UNiGe e 
BB // a-axis 
BB // b-axis 
BB // c-axis 

l l 
ïï 5 

10 0 

B ( T ) ) 
15 5 20 0 

Figuree 4.6. Field dependence of the low-temperature contribution to the specific heat for fields 
appliedd along the three principal axes at 850 mK. The arrows indicate the locations of the transition in 
thee c-axis magnetization (at about 4 and at about l l T at 850 mK). The error bars represent an 
estimatee of the absolute error (about l mJ/moli K ), while the relative error is much smaller (about 
0.11 mJ/moluK"). The solid line represents the fit of the data for fields applied along the c-axis. below 
100 T (excluding the 3 and 4 T data), to a quadratic field dependence. The data have been taken with 
increasingg field. 
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Fig.. 4.7 shows the temperature dependencies of the magnetization measured in the 20 T 

superconductingg magnet at the Los-Alamos Pulse Field Facility for various magnetic fields 

appliedd along the b and c axis. For B//b (Fig. 4.7a), the most prominent feature in the low 

fieldss is the anomaly in the magnetization at the ordering temperature of 41.5 K. The 

magnetic-orderingg temperature shifts smoothly and continuously towards lower temperatures 

withh increasing field until it disappears for fields above 18 T. For B//c (Fig. 4.7b), there is a 

secondd anomaly around 50 K in the magnetization curve. It is not visible at 2 T and becomes 

visiblee with increasing field. For fields above 9 T, the maximum has disappeared. 

T(K ) ) 

Figuree 4.7. Temperature dependence of the magnetization for various fields applied along (a) the b-

axiss and (b) the c-axis. Note the presence of various anomalies (see text), which are associated with 

thee magnetic phase boundaries. 

Discussion n 

Thee specific heat of UNiGe in zero field and in applied fields was analyzed according to 

thee expression: 

c=yr+D(T,eD)+R R 
k„ T T 

go o 

11 + go. . 

(4.1) ) 
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Here,, yT is the electronic contribution to the specific heat and D is the Debye function (with 

thee Debye temperature 0D) describing the lattice contribution to the specific heat. The last 

termm represents a Schottky contribution to the specific heat due to the crystalline-electric-field 

(CEF)) splitting of the energy levels. A is the energy difference between the ground state and 

thee first excited state and g0/gi is the ratio of the degeneracies of these two states (see Section 

2.11 for more detail). Outside the temperature interval from 35 to 52 K (i.e. by leaving the two 

anomaliess out of consideration), the specific heat of UNiGe in zero field can be best fitted 

usingg y-27.0mJ/mollK
:, Qa=  260 K, A = 109 K and gi/g„  - 2.0 (see Table 4.1 for the 

fittingg results in various magnetic fields). The relative importance of the three contributions 

cann be seen in Fig. 4.4. Furthermore, it can be seen that a small Schottky anomaly is found, 

leadingg to a shallow maximum in the specific-heat curve at about 30 K. It is well known that 

Schottkyy anomalies of this type are generally observed at temperatures roughly 1/3 in 

temperaturee between the ground state and the first-excited state. This result is in good 

agreementt with the level separation of 109 K mentioned above. There is no field dependence 

off  the energy splitting A, in contrast with the magnetic entropy, which is found to decrease 

withh increasing field (see values for B//b in Table 4.1). 

Besidess the Schottky anomaly, one should also consider the presence of contribution of 

low-energyy magnetic excitations to the specific heat when a material is at a temperature higher 

thann zero kelvin. This has been considered by Prokes [4.13]. Keeping in mind the strong 

magnetocrystallinee anisotropy of this material, one may expect a gap in the energy spectrum 

off  such excitations. The temperature dependence of the magnetic part of the specific heat can 

bee described in terms of magnons, namely due to the anisotropy-induced gap A in the magnon 

spectrum,, which yields a term that in its simplest form is expressed by: 

CMM = f T"-exp 
A A 

kTr r 
(4.2) ) 

wheree f depends on A and on the magnon dispersion relation for a particular material (see 

Sectionn 2.1 for details). The low-temperature part of the specific heat of UNiGe can be best 

fittedd using A = 48 K and f = 5.5 mJ/molyK  V2. 

Thee latter model shows a gap in the dispersion relation of the magnons leading to a A 
valuee that is about half the value determined by the former model. In order to be more 
conclusive,, an inelastic-neutron-scattering experiment is highly desirable to provide more 
informationn about the value of the energy gap. 

Wee now discuss the low-temperature field dependence of the specific heat of UNiGe. For 
B//c.. as can be seen in Fig. 4.6, C/T is somewhat reduced at the fields of 3 and 4 T. In fact, by 
excludingg the data points at 3 and 4 T, one can fit all other values up to 1! T to a quadratic 
behaviourr (solid line in Fig. 4.6). Above the second transition (about 11 T), however, one 
findss almost linearly decreasing CAT values up to the highest field applied (17.5T). This 
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behaviourr (quadratic increase below the transition, linear decrease above the transition) is 

surprisinglyy similar to the findings for UNiAl [4.14]. The latter compound can be considered 

ass a moderately enhanced heavy-fermion system, whereas the 5f electrons in UNiGe are more 

localized. . 
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Figuree 4.8. Magnetic phase diagram for fields applied along (a) the c-axis and (b) the b-axis. The 

plotss comprise the data from previous magnetization measurements ) [4.6]. and present specific-

heatt data (A) and magnetization data (a) on the same sample. 

Usingg the temperatures where the anomalies occur (Figs. 4.5a-c and Figs. 4.7a and 4.7b), 

wee can construct the B-T phase diagram of UNiGe for B//b and B//c. The results are shown in 

Figs.. 4.8a and 4.8b. where we have included results from previous ND and magnetoresistance 

studiess [4.4-12]. 

Now.. we return to the specific-heat data of UNiGe (Figs. 4.5b and 4.5c) and compare 

themm to the phase diagrams shown in Figs. 4.8a and 4.8b. It should be noted that we did not 

findd any other clear anomalies for the b-axis response and this seems to confirm the picture 

proposedd by Purwanto et al. [4.12] that the B-T b-axis phase diagram exhibits only three 
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differentt magnetic phases. For B//c, the magnetic field dependence of the magnetic-ordering 
temperaturee at 41.5 K is in good agreement with the B-T boundary between the (0, 6. 5) and 
thee (0, 1/2. 1/2) phases. It is clear that our specific-heat results do not show an anomaly 
correspondingg with the transition from the {0, 1/3, 1/3) phase to the (0, 1/2. 1/2) phase. The 
magneticc field dependence of the second anomaly at 50 K is considerable and persists up to 
166 T. These findings are inconsistent with the phase boundary deduced from other magnetic 
propertiess [4.4-12]. We may argue that a P to F phase transition exists for a magnetic field 
appliedd along the c axis, which is not visible in standard magnetic measurements. 

Comparingg the b- and c-axis magnetization (Figs. 4.7a and 4.7b, respectively) with the 
B-TT phase diagrams (Fig. 4.8a and 4.8b), the following picture emerges: 

1.. For sufficiently low fields (B < 10 T for B//b and B < 4 T for B//c), one enters from the 

commensuratee (0, 1/2, 1/2) phase into the IC (0, 8, 8) phase, which causes the magnetic 

responsee to increase. 
2.. For higher magnetic fields, but below the second transition (B = 25 T for B//b and B = 9.5 

TT for B//c), one enters from the F phase into the field-induced (0, 1/3, 1/3) phase, which is 
accompaniedd by a slight drop in the magnetic response (for instance the kink in the 3 and 5 
TT curves in Fig. 4.7b). The very similar behaviour in such intermediate fields for B//b and 
B//cc may indicate that the same (0, 1/3, 1/3) phase forms for both fields. 

3.. Entering from the (0, 1/3, 1/3) phase into the (0, 1/2, 1/2) phase gives rise to a pronounced 

dropp in the magnetic response (Fig. 4.7b). 

4.. Application of magnetic fields close to the "ferromagnetic" phase boundary (9 T for B//c) 
givess rise to relatively complex behaviour that can be attributed to domain effects. 

Altogether,, we find that our magnetization results confirm the phase diagrams, which have 

beenn proposed earlier [4.10J. 
Inn conclusion, we have studied the phase boundaries between the long-range magnetically 

orderedd and the P phases for B//b and B//c, and we also established the location of the phase 
boundariess for B//b and B//c. However, it seems that the occurrence of the P to F phase 
transition,, extracted from specific-heat measurements for B//c, is intimately related to the 
complexityy of this system. Comparing UNiGe with UNiAl (UNiAl crystallizes in the 
hexagonall  ZrNiAl structure with very similar U-U interatomic distance but uniaxial 
anisotropy)) when a magnetic field is applied, one finds that the AF transition of UNiAl shifts 
too a lower temperature while that of UNiGe disappears. This means that the exact location of 
thee phase boundary between the magnetically-ordered phase and the P phase cannot be 
determinedd from bulk magnetic measurements only. More elaborate high-temperature studies 
inn magnetic fields with attention to magnetic and possible thermal history effects are desirable 
too clarify the behaviour along the c axis. 



62 2 Chapterr 4 

4.1.2.. URhGe 

Introduction n 

Thee intermetallic compound URhGe crystallizing in the CeCu2 structure is situated in 
Fig.. 4.2 at the borderline between compounds in which the transition (T) metal has a small 
numberr of d electrons (UCoGe. URuGe), which commonly are spin fluctuators or 
paramagnetss down to the lowest temperature, and compounds in which the T metal has filled 
dd states, which order antiferromagnetically (UlrGe. UNiGe and UPdGe) [4.15]. 

URhGee has been described [4.16] as an itinerant-electron ferromagnet due to the low 
valuee of its magnetic moment and the lack of magnetic saturation. At the Curie temperature 
Tcc of 9.5 K, all bulk properties of URhGe reflect a magnetic phase transition to the 
ferromagneticc (F) state. Evidence for this comes from the diverging susceptibility, the 
appearancee of spontaneous magnetization [4.17, 4.18, 4.19J. a peak in the CfT versus T curve 
[4.19]]  and a drop of the electrical resistivity below Tc |4.18]. A spontaneous moment of about 
0.33 u.B was derived from free-powder high-field magnetization data measured at 4.2 K [4.15]. 
AA strong magnetic anisotropy in URhGe is documented by the clear difference between the 
free-powderr and the fixed-powder magnetization curves. Neutron-powder-diffraction (ND) 
resultss at low temperatures have been interpreted in terms of a canted AF structure with an F 
componentt of 0.43 U.B along the c axis and an anti ferromagnetic (AF) component of 0.26 |ie 
alongg the a axis [4.20]. However, up to now, because of the lack of single crystals, the only 
evidencee for strong magnetic anisotropy was obtained from the mentioned magnetization data 
onn free-powder and fixed-powder samples. 

Recently,, a single crystal of URhGe has been grown by Dr. M. Mihalik at the FOM-
ALMOSS Centre at the University of Amsterdam, which offers the possibility to gain valuable 
informationn on the magnetic anisotropy and other physical properties of this compound. In 
thiss section, we will present specific-heat and magnetization measurements on single-
crystallinee URhGe in magnetic fields up to 15 and 40 T respectively. 

Experimental l 

AA URhGe single crystal was grown from a stoichiometric melt by a modified Czochralski 
techniquee in a continuously gettered Ar atmosphere. At least 99.95% pure materials were used 
inn the preparation. No subsequent heat treatment was given to the crystal. The quality of the 
crystall  was checked with the Laue X-ray technique and by means of electron microprobe 
analysiss (EPMA). 

Thee magnetization and the magnetic susceptibility have been measured by means of a 
SQUIDD magnetometer (Quantum Design) in fields up to 5.5 T in the temperature range 
22 - 20 K on a semi-cube shaped sample, oriented along the principal axes with the X-ray Laue 
technique.. The high-field-magnetization data was measured by Dr. M.I. Bartashevich at the 
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MegaGausss Laboratory. Institute of Solid State Physics. University of Tokyo. The temperature 

dependencee of the specific heat was measured by means of the semi-adiabatic method 

betweenn 0.4 and 50 K in fields up to 15 T applied along the principal axes. 

Results s 

Thee temperature dependence of the inverse susceptibility is shown in Fig. 4.9. measured 

inn a field of 1 T applied along the principal axes. Above 30 K, the magnetic susceptibility is 

fieldd independent for all three orientations, whereas at lower temperatures there is some field 

dependence. . 

[000 150 2CX) 

T(K ) ) 

Figuree 4.9. Temperature dependence of the inverse susceptibility % (x = M/H) measured in a field of 

11 T applied along the principal axes of a URhGe single crystal. Solid and broken lines through 

symbolss denote the best fits to MCW and CW behaviour, respectively. 
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Figuree 4.10. Low-temperature part of M(T) measured in field of 0.01 T along the b axis of a L'RhGe 

singlee crystal. The dashed line is the temperature derivative of M(T). The arrow marks the magnetic 

phasee transition defined as the minimum of dM(T)/dT. 
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Att low temperatures, an upturn of % (T) is found for all three principal axes. Above 30 K. x(T) 

curvee along all three principal directions can be fit by a modified Curie-Weiss (MCW) law, 

whichh includes a temperature independent term j£o- The best fits to MCW behavior (in 

Fig.. 4.9, shown by solid lines) yield effective moments of u."tt = 1.60  0.01 p:B/U. 

u\L
b
tïï = 1.95  0.01 u.B/U and u^. = 1.91  0.01 uB/U for the a. b and c axis, respectively. For 

paramagneticc Curie temperatures, values of 0j' = - 110  2 K. 6̂  = - 7.1  0.5 K and 

0pp = 1.5  0.5 K are obtained. The temperature independent term ô is also anisotropic and 

amountss to 0.6 x 10"x nrVmoi, 1.0 x 10"8 m3/molL and 1.2 x 10~8 mVmolL for the three 

principall  orientations respectively. The magnetization values along the b and the c axis are 

considerablyy higher than for the a axis, which qualifies the latter axis as the hard-

magnetizationn axis. At higher temperatures, above 220 K. it is possible to approximate % (T) 

byy a Curie-Weiss (CW) law. The corresponding fits are shown by the dashed lines in Fig. 4.9, 

yieldd effective moments of |i°fT - 2.56  0.01 [iB/U, |it
b
tT = 2.83+ 0.01 pB/U and ^ t ï - 2.94

0.011 p.B/U. In Fig 4.10, the low-temperature behaviour of the magnetization is shown, 
measuredd in a field of 0.01 T applied along the b axis. A sharp minimum in dM/dT at 9.6 K is 
present,, which can be associated with the magnetic phase transition between the paramagnetic 
(P)) phase and the F phase. We have not observed any sizeable difference between field-cooled 
andd zero-field-cooled measurements. 

Thee magnetization curves measured along the principal axes in fields up to 5.5 T at 
severall  temperatures are shown in Fig. 4.11. Apart from the different magnetization values for 
thee different orientations, the magnetization processes are also qualitatively different. At low 
temperatures,, the magnetization along the easy (b and c axes) directions increases sharply with 
increasingg field up to about 0.05 T and then increases more slowly. For the hard (a axis) 
direction,, the crossover between fast and much slower increase in magnetization is around 
0.55 T. For all temperatures and orientations, the magnetization varies non-linearly with the 
fieldd and exhibits a still significant increase at higher fields. 

Inn Fig. 4.12, the magnetization curves taken along the principal axes in magnetic fields up 
too 40 T at 4.2 K are shown. As can be seen, below 10 T the a-axis can be classified as a hard 
magnetizationn axis and the easy-magnetization direction is found in the b-c plane. Above 
10T,, a metamagnetic transition occurs along the a-axis. Spontaneous moments are found 
alongg the b and c axes. To check the possibility of changes in moments and/or magnetization 
process,, the exact position of the metamagnetic transition for magnetic field applied along the 
aa axis is determined by using field sweeps with continuously changing fields. In Fig. 4.13, 
dM/dBB is plotted versus B at 1.7 and 4.2 K for increasing and decreasing magnetic field 
appliedd along the a axis. The metamagnetic transition field has a value of 11.80 and 11.48 T at 
1.77 and 4.2 K. respectively. However, no basic difference in the curves is observed. 
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Figuree 4.11. Field dependence of the magnetization curves taken along (a) the a-axis. (b) the b-axis 

andd (c) the c-axis of URhGe up to 5.5 F at various temperatures: 2 K (z). 8 K (o), 9 K (A). 10 K (V), 

111 K(0)and 15 K. (+). 

Magneticc Field (F) 

Figuree 4.12. Magnetization of a URhGe single crystal at 4.2 K in magnetic fields up to 40 F along the 

threee principal axes (after 4.23). 
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Thee temperature dependence of the specific heat divided by temperature. CAT. is shown in 

Fig.. 4.14a. As can be seen, a pronounced peak at 9.6 K dominates the zero-field curve. This 

temperaturee agrees well with the temperature of the magnetic ordering as suggested by the 

magneticc measurements. The usual relation as expressed in Eq. 2.1 does not describe the low-

temperaturee part of C/T. because at low temperatures magnetic excitations strongly contribute 
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Figuree 4.13. Field dependence of the differential magnetization for field applied along the a-axis at 

1.77 and 4.2 K (after 4.23). The arrows indicate the positions of the metamagnetic transition. 
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Figuree 4.14a. Temperature dependence of the specific heat of URhGe in the representation CfT 

versuss T. The full line represents an estimate of the lattice contribution together with an electronic 

termm of 95.5 mJ/mof -K". 
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too the specific heat of URhGe. In order to extract the magnetic contribution to the specific 

heatt and to derive the magnetic entropy associated with the magnetic ordering, one needs to 

estimatee the lattice and electronic contributions to the specific heat. To obtain the magnetic 

entropy,, we have determined the magnetic part of the specific heat CM as the difference 

betweenn the measured specific heat and an estimated contribution of the lattice to the specific 

heat. . 
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Figuree 4.14b. Temperature dependence of the magnetic part of the specific heat CM of URhGe in zero 

fieldd divided by temperature is shown together with the best fit to a power law CMAT = YM + aT " with 

yMM = 80 mJ/moluK2, are shown. In the same figure, the magnetic entropy, obtained by integration of 

Cu/T.. is depicted. 

Thee huge magnetocrystalline anisotropy characteristic for U compounds is well reflected 

inn the field dependence of the specific heat of URhGe. In Fig. 4.15. it can be seen that the 

anomalyy at Tc smears out and shifts for all three axes to higher temperatures when a magnetic 

fieldd is applied. 

Thee temperature dependence of the specific heat. C/T. of URhGe at various magnetic 

fieldss up to 15 T applied along the a axis is shown in Fig. 4.15a. As the applied magnetic field 

iss increased, the anomaly smears out. shifts to higher temperatures and vanishes at a field of 

122 T. which is quite in agreement with the metamagnetic transition observed in the high-field 

magnetizationn measurements (Fig. 4.12). For the a-axis. the specific heat divided by 

temperature.. C/T. of URhGe at 500 mK is slightly reduced by the applied magnetic field. 

Inn Fig. 4.15b. we show the temperature dependence of the specific heat of URhGe. 

measuredd in magnetic fields up to 15 T applied along the b axis. Already in a field of 1 T. the 

peakk is significantly smeared out and shifted to higher temperatures. Also the value of the 
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specificc heat divided by temperature. CfT. of URhGe at 500 mK is more sensitive to the 

appliedd magnetic field and with increasing field it decreases exponentially, at 15 T amounting 

too 72% of its zero-field value (Fig. 4.16a). 
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Figuree 4.15. Specific heat of URhGe plotted as CfT vs T in various magnetic fields applied along 

(a)) the a-axis. (b) the b-axis and (c) the c-axis. 

Inn Fig. 4.15c, we show the specific heat over temperature. CfT, versus T curves of URhGe 

measuredd in fields up to 15 T applied along the c axis. Also for the c axis, the anomaly shifts 



CeCu;-typee compounds 69 9 

too higher temperatures and it is smeared out already in rather low fields. Comparison with the 

dataa for the b axis (Fig. 4.15b) shows that, also for the c-axis orientation, the zero-field 

anomalyy is sensitive to the applied magnetic fields. Also the value of the specific heat divided 

byy temperature. CAT. of URhGe at 500 mK decreases exponentially with applied field and at 

155 T it attains 76% of its zero-field value (Fig. 4.16b). It is clear that data taken in fields along 

thee b and c axes are quite similar to each other. This is in agreement with the magnetic 

measurements,, which showed that the b and c axes form an easy-maenetization plane. 
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Figuree 4.16. Specific heat divided by temperature. CAT. of URhGe at 500 mK versus magnetic field 

appliedd along (a) the b-axis and (b) the c-axis. The drawn line represents an exponential fit. 

Discussion n 

Onn the basis of the temperature dependence of the inverse susceptibility shown in Fig. 4.9. 

onee may conclude that the magnetic anisotropy in URhGe is of easy-plane type. The value of 

T cc = 9.6 K. as derived from M versus T measurements (Fig. 4.10) is about 0.6 K higher than 

thee value reported by Tran and Troc [4.18] for a polycrystalline sample. In general, our 

magneticc results are in aood agreement with literature values obtained on polycrystalline 
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material.. This concerns the magnetic phase transition temperature, the magnitude of U 

magneticc moments and the type of magnetic anisotropy. However, the latter result was 

obtainedd previous!) on the basis of high-field magnetization on free to rotate and fixed 

powderss and was only qualitative |4.15-17]. Our results on a single crystal provide 

unambiguouss proof for strong magnetic anisotropy in URhGe and yield also a quantitative 

parameterizationn of the magnetocrystalline anisotropy in terms of differences between the 

paramagneticc Curie temperatures as deduced from the high-temperature CW fits with fields 

directedd along the principal axes. While the anisotropy in the b-c plane is small, the anisotropy 

energyy within the a-b and a-c planes reaches about 200 K. Such a high anisotropy which 

comparess well with the value of 2 mRy obtained from theoretical calculations [4.21] is 

commonn in UTGe compounds [4.15] (UlrGe |4.30|. UNiGe [4.22], UPdGe [4.4) and UPtGe 

[4.24]]  which were studied on single crystals) having an orthorhombic crystal structure. The 

factt that the effective magnetic moments determined experimentally are smaller than those for 

thee 5f or 5f" free-ion configurations, even if deduced from high-temperature parts (by CW 

fits)) of x(T). can be taken as an indication that 51" states in URhGe are not fully localized. This 

againn is clearly supported by electronic-structure calculations [4.21 ] revealing a substantial 5Ï-

eiectronn bandwidth. 

Ass shown in Fig. 4.12, the magnetic moment at 40 T along the a-axis is about 0.8 (uB and 

iss still far from saturation. Recently, ND experiments in zero field [4.23] have been carried 

outt on a URhGe single crystal and a value 0.5 u.B has been obtained. We do not believe that 

thee difference of the moment can be attributed only to the itinerant nature of the 5( magnetic 

moment.. However, further magnetization studies under pressure are necessary to clarify the 

differencee of the moment. To get the projection of the moment on the b axis and zero moment 

onn the a-axis. the U moment may form a chain w ith moments alternating along the [ 1 1 11 and 

[-11 I 1| directions. In this case, we still have the AF arrangement and the metamagnetic 

transitionn along the a-axis that can be explained as AF transition. On the basis of the above-

describedd magnetic measurements, a complex form of magnetic ordering cannot be excluded. 

Byy fitting the specific heat of URhGe in zero field above T<-. in the interval from 15 to 

222 K. to the usual expression of Eq. 2.1. which contains an electronic and a phonon 

contributionn to the specific heat, we obtain y = 95  5 mJ/molL K2 and (3 = 0.6 mJ/molL K4 (see 

Fig.. 4.14a). This fit yields, through Eq. 2.1. an estimate for the Debye temperature 

off  Bj, = 210 K. The magnetic contribution in zero field is shown in Fig. 4.14b in the CM/T 

versuss T representation. At low temperatures, for F spin waves, one expects the magnetic 

specificc heat to be proportional to YM + a T , : . By adding to the magnetic specific heat an 

electronicc contribution yT and a low-temperature phonon contribution proportional to T . we 

cann describe the total specific heat by means of the expression 

C/TC/T =v + bT' : + d T : . (4.3) 
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Wee have fitted C/T between 0.4 and 4 K to the above expression (Eq. 4.3) and obtained for 

thee fitting parameters the values y = 152  1 mJ/molLK2. b = 22  1 mJ/moluK2' and 

dd = 0.7  0.1 mJ/molL:K
4. As may be expected, this y value differs appreciably from the less 

reliablee value 95  5 mJ/molLK
2 obtained above in the analysis of the specific heat in the 

temperaturee region from 15 to 22 K. If the T2 term is considered to represent only the phonon 

contribution,, then the coefficient d yields a Debye temperature of 200 K, which is close to the 

valuee of 210 K obtained above. This may suggest that the higher-order T? term in the 

magneticc specific heat is relatively unimportant below 4 K. The magnetic entropy SM, which 

hass been derived up to 15 K by integrating CM/T. yields a value of 1.15 mJ/moli/K2, which is 

aboutt 0.2R ln2, at 15 K. Such a low value is indicative for itinerant magnetism. 

Itt is clear that for a more elaborate analysis of the temperature dependence of C/T in the 

variouss magnetic fields applied along the different crystallographic axes, a complex spin 

configurationn of URhGe should be taken into consideration. 
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4.1.3.. UIrG e 

Introductio n n 

Despitee considerable efforts of several groups, UlrGe remains one of the most puzzling 
casess among the UTGe compounds crystallizing in the orthorhombic CeCu2-type of structure. 
Itt exhibits quite remarkable properties. All bulk properties that have been studied so far. in 
polycrystallinee form, point to antiferromagnetic (AF) ordering below 16-18 K. This concerns 
thee anomaly in the temperature dependence of magnetic susceptibility [4.24J. a sharp peak on 
thee C/T versus T curve [4.19] accompanied by a dramatic reduction of the y value from 145 to 
188 mJ/molLK~ across the transition from the high- to the low-temperature phase and a 
dramaticc resistivity drop below 17 K [4.3, 4.19. 4.25]. The specific-heat anomaly shifts by 0.5 
KK towards lower temperatures when a field of 5 T is applied [4.19]. The conclusion about the 
AFF ground state is supported by the magnetization at 4.2 K, which exhibits two clear 
metamagneticc transitions at 13 and 19 T [4.19]. However, down to 1.5 K no indication of AF 
orderr has been provided by neutron-powder-diffraction (ND) experiments [4.26. 4.27, 4.28]. 

Recently,, a UlrGe single crystal of sufficient quality has been prepared. This opens the 
possibilityy to investigate the magnetic anisotropy. In this section, we will focus on the specific-
heatt of the UlrGe single crystal in high magnetic fields. 

Experimental l 

AA single crystal of UlrGe has been grown by Dr. M. Mihalik at the FOM-ALMOS Centre 
att the University of Amsterdam from a stoichiometric melt by a modified Czochralski 
techniquee in a continuously gettered purified Ar atmosphere. Materials used in preparation 
weree at least 99.95% pure. No subsequent heat treatment was given to the crystal. The quality 
off  the resulting product was checked with the Laue X-ray technique and by means of Electron 
Microscopee Analysis (EPMA). The structural parameters of UlrGe were verified with X-ray 
powderr diffraction. For this purpose, part of the single crystal was ground under an inert 
atmosphere.. Top and bottom parts of the crystal, which had a length of 7 cm and a diameter of 
4-55 mm, were inspected by means of EPMA. The top part has been found to be single phase 
andd homogeneous with the proper composition. The bottom part of the crystal was found to 
consistt of two phases. The matrix (95 vol. %) was found to be homogeneous with 
compositionn deviating from the ideal stoichiometry of UlrGe by no more than 1 at. % (the 
resolutionn limit of EPMA). The second phase (5 vol. %) was identified as Ulr [4.29]. It has 
beenn found that the amount of Ulr phase increases towards the bottom of the crystal. 
Therefore,, about 2 cm in length of the crystal was cut from the bottom side and not used in the 
study.. On the basis of magnetic measurements, a content of Ulr of less than 0.6 ck was 
concludedd to be present in the part of the crystal used. Moreover, from the X-ray Laue 
measurementss it follows that the crystal possesses a slight mosaicity in the a-c plane (about 2 -
33 ) between the main crystallites. 
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Figuree 4.17a. Temperature dependenee of the specific heat of UIrGe in zero field divided by 

temperature.. The solid line represents the sum of the electronic contribution (given by the low-

temperaturee specific-heat coefficient 7 = 25.69 mJ/moluK2) and the phonon contribution 

approximatedd by a Debye function with Q„  = 190 K. 

Results s 

Thee temperature dependence of the specific heat. C/T. of UlrGe measured in zero field on 

aa single crystal of about 0.4 g is shown in Fig. 4.17. A sharp maximum occurs at 14.4 K and a 

smallerr feature at 16.2 K. As can be seen, UlrGe exhibits a very small specific-heat coefficient 

off  about 25 mJ/moluK" at the lowest temperature of this measurement. The anomaly at 14.4 K 

iss about 20 times larger than the one at 16.2 K. The specific heat of UlrGe has been analyzed 

ass the sum of three contributions: the electronic, the phonon and the magnetic contributions 

(seee Chapter 2). By fitting the C/T curve toy + (3T2 between 1.4 and 6 K. values of 

y== 25.69 +0.15 mJ/moluK2 and [3 =0.125  0.008 mJ/molLK4 have been obtained. Our 

PP value yields, through Eq. 2.1. an estimate for the Debye temperature of 8D= 173 K. 

However,, a much better agreement in both the low- and the high-temperature limit , is 

obtainedd with a Debye temperature 0D = 190 K. The Debye function with the latter 6D was 

takenn as an estimate for the phonon background. The magnetic contribution, which is shown 

inn Fig. 4.17b. has been calculated by subtracting the electronic and the phonon contribution 

fromm the total specific heat. 
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Tablee 4.2. Experimental values of the antiferromagnetic-ordering temperatures TN1 and TN2 in 

magneticc fields applied along the c axis. 

B B 

(T) ) 

0 0 

8 8 
12 2 

15 5 

17.5 5 

Ts s 

(( K) 

14.4 4 

13.2 2 

11.5 5 

9.5 5 

6.5 5 

Ts: : 

(( K ) 

16.2 2 

15.1 1 

13.3 3 
11.6 6 

9 9 

TN,(B)/TN1(0) ) 

1 1 

0.901(1) ) 

0.786(( 1) 

0.647(( 1) 

0.474(( 1) 

TN2(B)/TN2(0) ) 

1 1 

0.927(1) ) 
0.818(1) ) 

0.709(1) ) 

0.570(( 1) 
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Figuree 4.17b. Temperature dependence of the magnetic specific heat, CM/T, of a UlrGe single crystal 

(leftt scale). Temperature dependence of the magnetic entropy to the specific heat. SM. of a UlrGe 

(rightt scale). 

Too study the magnetic-ordering temperatures in different applied fields, the single crystal 

off  about 0.4 g was measured in the temperature range between 5 and 30 K. in magnetic fields 

upp to 17.5 T along the principal axes. Unfortunately, with such a small single crystal, the 
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precisionn of our measurements at these high fields for the field applied along the b-axis is not 

sufficientt to make a good estimate of the magnetic ordering. Nevertheless, some important 

conclusionss can be drawn. The specific heat of UlrGe for magnetic fields applied along the c 

axiss is plotted in Fig. 4.18 as C/T versus T. The two pronounced peaks observed in zero field 

att 14.4 and 16.2 K. shift progressively to lower temperatures, which is expected for AF 

ordering.. In the highest field applied, the two anomalies reflect that the magnetic-ordering 

temperaturess are located at 6.5 K and 9 K. The temperatures of the two anomalies in different 

magneticc fields applied along the c axis are shown in Table 4.2. 
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Figuree 4.18. Specific heat. CAT. versus T of UlrGe in zero field and in magnetic fields of 8, 12, 15 

andd 17.5 T applied along the c-axis. 

Thee temperature dependencies of the specific heat. C/T, measured at constant fields 

appliedd along the b axis are shown in Fig. 4.19. The zero-field anomalies, at 14.4 and 16.2 K. 

forr the b axis are much more sensitive to the magnetic field and the two anomalies become 

invisiblee above a field of 12 T. 

Finally,, in Fig. 4.20, the temperature dependencies of the specific heat measured at 

constantt fields applied along the a-axis are displayed. The peak positions are not affected 

whenn the field is applied along the a-axis and also no field dependence of the peak intensity is 

foundd for this direction. 
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Figuree 4.19. Specific heat of UlrGe. C/T. versus T around the AF transitions in zero field and in 

magneticc fields of 8. 12, 15 and 17.5 T applied along the b axis. 
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Figuree 4.20. Specific heat of UlrGe. CAT. versus T in zero field and in magnetic fields of 8. 12 and 

155 T applied along the a-axis (the hard-magnetization axis). 
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Too study the magnetic properties of UlrGe. the same single-crystalline piece was recently 

measuredd by Prokes et al. [4.30] in magnetic fields up to 5.5 T applied along the principal 

axes.. In Fig. 4.21. the temperature dependence of the inverse susceptibility measured along 

thee principal axes is shown. Above 70 K. the magnetic susceptibility is field independent for 

alll  three orientations whereas at low temperatures some deviations occur. These deviations are 

assignedd to a certain amount of ferromagnetic LJIr. which orders at 46 K [4.29]. Prokes et al. 

[4.30]]  found that the magnetic anisotropy is multi-axial, nearly of easy-plane type. The hard-

magnetizationn direction is found along the a-axis. whereas the easy-magnetization axis is 

foundd along the b axis, except for a small temperature region around 16 K. where it is parallel 

too the c axis (Fig. 4.22). In Fig. 4.22, the low-temperature details of %(T) measured in a field 

off  5 T are shown. Two anomalies (changes in the slope d%/dT) are present for the b- and c-

axiss orientations. For the a-axis. only one anomaly (at the maximum) is clearly present. For 

thee field directed along the c axis, the relevant temperatures at 5 T are 15.8 and 14.1 K and are 

denotedd by arrows. Prokes et al [4.30] found that these anomalies shift towards lower 

temperaturess with increasing applied magnetic field. In a field of 1 T. they appear at 16.1 and 

14.55 K in the magnetic susceptibility with field along the c axis. Anomalies for the b-axis 

orientationn exhibit a very similar field dependence, whereas the anomaly for the a-axis 

directionn is field invariant. 

00 50 100 150 200 250 300 

T(( K ) 

Figuree 4.21. Temperature dependence of the inverse susceptibility measured in a field of 5 T applied 

alongg the principal axes of a UlrGe single crystal. The solid and broken lines through the symbols 

denotee the best fits to MCW and CW behaviour, respectively [4.30]. 
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Figuree 4.22. Low-temperature part of x (T) measured in a field of 5 T along the principal axes of 

aa UlrGe single crystal. The dashed line denotes TN defined by the maximum in c)(T^(T))/ST. The 

arrowss denote two anomalies in x(T) connected with a change of the slope <5x/r)T (after Prokes et al 

[4.30]). . 

Discussion n 

Thee magnetic measurements (Figs. 4.21 and 4.22) reported by Prokes et al. [4.30] suggest 

thatt at low temperatures AF order appears in UlrGe in agreement with suggestions in 

literaturee [4.2. 4.3. 4.20. 4.21. 4.25. 4.26]. It is well accepted [5.15] that in the majority of 

antiferromagnets.. the magnetic-ordering temperature TN should not be identified by the 

susceptibilityy maximum but by the maximum of r)(Tx(T))/3T. The latter appears for the c-axis 

orientationn in a field of 1 T at 14.0 K and which is denoted by the vertical broken line in 

Fig.. 4.22. Additionally, a much smaller maximum in 3(T)((T))/rJT along the c axis is found at 

15.88 K. The positions of the two anomalies in the magnetic susceptibility agree well with 

thosee following from the present specific-heat study. The strong anisotropy in the magnetic 

susceptibilityy of UlrGe is common in U compounds [4.15] and its type is very similar to that 

foundd in UNiGe (see subsection 4.1.1). 

Abovee 100 K. Prokes et al. [4.30] have found that all three %(T) curves (Fig. 4.21) can be 

fittedd by a modified Curie-Weiss (MCW) law that includes a temperature-independent 

susceptibilityy Xo- The best fits to MCW behaviour (in Fig. 4.21. shown by solid lines) yield 



CeCu:-typee compounds 79 9 

effectivee moments p.;'., = 1.26  0.02 |iH. |a':„  = 2.00  0.01 |iB and p.;,, = 1.83  0.01 p.B for 

thee a-, b- and c-axis. respectively. For the paramagnetic Curie temperatures, values of 

O;1,, = - 7 7  2 K. 0^ = -16  1 K and 9;, = -8  1 K are obtained. The temperature-

independentt term j£() amounts to about 1.0 1 x 10"*  m7molL for all three orientations. 

However,, it should be kept in mind that in the present case, due to the strong magnetic 

anisotropy.. already a very small til t (or mosaicity) from the desired orientation leads to the 

necessityy to employ a MCW fit due to a mixing of different CW branches. This affects most 

seriouslyy the hard axis, although it leads to artificially enhanced x<> for all principal directions. 

Lett us turn back to the specific-heat data shown in Figs. 4.18-20. The observations that all 

anomaliess shift towards lower temperatures with increasing magnetic field suggest that an AF 

groundd state exist in UlrGe at low temperatures. One can state that the difference in the 

magneticc and thermal properties between the present single-crystal data and the 

polycrystallinee data from literature is due to the presence of small amounts of the ferromagnet 

Ulr.. However, from magnetization measurements [4.30] it follows that the amount of Ulr in 

ourr sample is relatively small (about 0.5 wt. vk). Our single crystal possesses slight mosaicity, 

i.e.. a certain part of our single crystal belongs to the interface between the regions. A possible 

explanationn for the double transition in the case of the single crystal is that the physical 

propertiess of surface and bulk region are different. Therefore, we may speculate that of the 

twoo transitions present in the C/T versus T curves, the larger at lower temperature belongs to 

thee bulk and the smaller at higher temperature belongs to the surface or interface region. In 

orderr to be more conclusive on the magnetism of this compound, more elaborate studies 

involvingg detailed electronic structure calculations are highly desirable. 

Thee magnetic entropy, which is obtained by integration of the magnetic part to the 

specificc heat Cy/7 up to 35 K. yields SM = 0.21Rln2 suggesting that the magnetism in UlrGe 

iss governed by strongly delocalized 5f electrons. By extrapolation of the specific-heat data 

(Fig.. 4.17a) above TN, values of y = 1 4 l . 4  3.3 mJ/molrK
2and (3 =0.678  0.008 

mJ/molL'K.. are obtained from the experimental data between 17 and 22 K (Fig. 4.19). 

Ramirezz et al. [4.9] obtained y = 145 mj/moli K \ above T v The much higher value for y 

abovee T\ (y extrapolated to 25.69  0.15 mJ/moli-K", below T\) suggests that a large portion 

off  the density of states at the Fermi surface is removed due to Fermi-surface gapping. 

However,, these results have only a limited meaning because in this high-temperature region 

thee phonon background already deviates from T dependence. If the naive picture of the 

abovee y values is employed, a reduction of 829r is found to take place. Indeed, such a 

reductionn is sometimes observed in AF-ordered materials at the magnetic-ordering 

temperaturee due to Fermi-surface gapping. The magnetic-ordering temperature of the UlrGe 

singlee crystal is found at lower temperatures, namely at 14.4 K. than for polycrystalline UlrGe. 

att 16 K [4.2, 4.3, 4.19, 4.20. 4.25, 4.26]. Moreover, the additional small anomaly at 16.2 K is 

onlyy found for the single crystal. The position of the former peak correlates well with a very 

sharpp A, anomaly published by Buschow et al. [4.19] for the polycrystalline sample. 
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Thee field dependence of the magnetic-ordering temperatures for the magnetic field 

appliedd along the c axis closely follows a simple scaling relation: 

TN i : (B) ) 

T \ , : (0) ) 
(4.4) ) 

wheree TM<( ) ) = 14.4 K, TN2(0) = 16.2 K, and B0 = 24.5 and 27.1 T (Fig. 4.18 and Table 4.2). 

Followingg the same procedure as applied in the data for the c axis, the scaling fields for the 

magneticc field applied along the b axis are estimated to be 19.4 and 23.0 T. Comparing the 

physicall  properties of UlrGe and UNiGe. we may speculate that UlrGe largely resembles 

UNiGee (see subsection 4.1.1). 
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4.2.. DyCu2 

Introduction n 

DyCii22 is an intermetallic rare-earth compound with the orthorhombic CeCu:-type of 

crystall  structure [4.31]. The magnetic properties of this compound have been extensively 

studiedd because of the complicated magnetic structure arising from the long-range Ruderman-

Kittel-Kasuya-Yoshidaa (RKKY) interaction combined with the crystalline-electric-field (CEF) 

anisotropy.. Magnetization measurements at 4.2 K [4.32] and measurements of the temperature 

dependencee of isothermal magnetization [4.33] have been performed on a single crystal of 

DyCu2.. Neutron diffraction (ND) [4.34], specific heat and thermal expansion [4.35] have been 

measuredd on polycrystalline samples. All results indicate that DyCu; is an antiferromagnet 

withh a Néel temperature TN equal to 26.5 K [4.32] in which the Dy moments are aligned along 

thee a-axis [4.34|. From the magnetization measurements of Hashimoto et al. [4.32J. the 

followingg picture emerges. At low temperatures, the magnetization curve along the a-axis has 

aa two-step metamagnetic process with critical fields Bcl and Bc:. At high temperatures, the 

two-stepp process is smeared out. The value of the a-axis magnetization at 5 T and at 4.2 K is 

9.77 liu/f-u. [4.32|. The magnetization increases to about 1/3 of the saturation value at B,i and 

nearlyy to saturation at BC2. On the other hand, the magnetization along the b and c axes, Mb 

andd Mc. increases monotonically. The value of Mb is larger than that of Mt up to 6 T at all 

temperaturess below T\. but the difference Mb - Mc becomes small with increasing 

temperature.. At low temperatures, the experimental value of the magnetic susceptibility, &.., is 

2.55 x K)-xnrVmol. 

Thee B-T phase diagram of DyCu: for the magnetic field parallel to the crystallographic a 

axis,, has been reported by Loewenhaupt et al. [4.36] and is shown in Fig. 4.23. Several 

magneticc phases appear below the transition from the paramagnetic (P) to the 

antiferromagneticc (AF) state. The phase AF1 is an AF commensurate structure with the wave 

vectorss T = (2/3 1 0) which corresponds to a magnetic unit cell. The phase AF2 is an AF 

incommensuratee phase, sinusoidally oscillating with x*-(^ 10) {e decreases with 

decreasingg temperature from 0.016 at T = 24 K and B = 0 T to 0 at T = 5.6 K and B = 1.7 T) 

[4.36,, 4. 37]. By ND at 2 K and 1.7 T, a commensurate ferrimagnetic phase FI was found that 

iss comparable with AF1 but with a larger fraction of ferromagnetically coupled moments, i.e. 

twoo up, one down [4.37]. Above 2 T. the magnetic moment is saturated (about 10 [la/f.u.) and 

thee compound is in the induced F state F2. In addition to these well-understood boundaries, 

thee phase diagram shows a nearly vertical phase-transition line in F2. However, this transition 

wass found, very recently, only in thermal-expansion measurements by Dörr et al. [4.38] on a 

DyCu:: single crystal. Neither very carefully done magnetization measurements nor 

susceptibilityy experiments show any evidence for a transition at this line. 
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T ( K ) ) 

Figuree 4.23. Phase diagram of DyCu; for magnetic fields parallel to the a direction. The full symbols 
representt results of susceptibility and magnetization; the open symbols are from thermal expansion 
andd magnetostriction measurements. Stars show results of specific-heat measurements. 

Inn order to further investigate the magnetic phase transitions of DyCu:. we have studied 

thee specific heat as a function of temperature for different magnetic fields applied along the a 

andd c axes. Moreover, from caloric measurements the type and the order of the transitions and 

ann improved knowledge of the CEF-level structure can be attained. Several DyCu: single 

crystalss of high quality were grown by means of the Czochralski method, on which further 

informationn can be found in ref. 4.38. For the specific-heat measurements we used two 

rectangularr pieces with masses of 288.5 mg and 279.2 mg. We measured in the temperature 

rangee from 0.3 K up to approximately 50 K. using the semi-adiabatic method described in 

Chapterr 3. 

Ann extraordinary effect in DyCu .̂ found by Hashimoto et al. [4.39] and described in detail 

elsewheree [4.36. 4.40], is the conversion of the magnetic Ising axis if a high magnetic field is 

appliedd parallel to the c axis. Details of the conversion and especially the microscopic origin 

off  the effect are topics of current research. 

Is s 

Thee first clear example of conversion of the Ising axis has been found in a DyCu; single 

crystall  at liquid-helium temperatures when a magnetic field is applied along the c axis. This 

conversionn is retained when the field is removed. The virgin state has the Ising axis along the 
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Figuree 4.24a. Schematic picture of the first-order martensitic transition with thermal hysteresis. The 

liness denoted by A and M correspond with the free energy of the austenite and the martensitic phase, 

respectivelyy (after ref. 4.39). 

B(T)//a a B(T)//c c 

Figuree 4.24b. A cycle of the conversion in DyCu2 at 4.2 K (alter ref. 4.39). 
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a-axiss with a two-step magnetization process but the Ising axis is switched to the c-axis upon 

applicationn of fields higher than 13 T along the c axis. Recovery of the virgin state is obtained 

eitherr by raising the temperature above 100 K. or by applying fields larger than 5 T along the 

a-axiss [4.39]. The observed phenomenon is called conversion of the Ising axis or more 

generallyy conversion of the magnetic axis. The results have been explained [4.39] by using the 

first-orderr phase-transition model similar to the martensitic transition. The martensite (bcc>-

austenitee (fee) transition in Fe and Ni alloys has been discussed by Patel and Cohen [4.41] 

withh the free-energy diagram shown in Fig. 4.24a. Let us start at the temperature TA on the A 

linee which gives the free energy of the austenite state. Thermodynamical equilibrium with the 

martensitee state given by the M line is achieved at T(), but no transition occurs here because a 

drivingg energy A is necessary to induce the transition so that the transition is eventually found 

att TM. The same energy is needed at TA. Field-induced martensitic transitions of various alloys 

havee systematically been investigated by Kateshita et al. [4.42] and the Patel-Cohen model has 

beenn satisfactorily confirmed. 

AA similar phase-transition model has been applied by Hashimoto et al. [4.39] to the 

presentt system, DyCu2, as shown in Fig. 4.24b. Here, we reproduce the model as presented by 

Hashimotoo et al. [4.39]. Two electronic states ya and v|/t are considered. \|/a is the virgin state, 

thatt is the electronic state with the Ising axis along the a axis and \|/c represents an excited 

statee with the Ising axis along the c axis. The corresponding energies Ea and Ec in an applied 

magneticc field Bt along the c axis are 

EE = - ^ - K 
2u0 0 

EE - E„  -gJuBBL 

wheree E0 is the energy at Bc = 0 and Xc is the magnetic susceptibility along the c axis. The 

two-stepp metamagnetism is not necessary to be considered here because the conversion field is 

muchh higher than the metamagnetic critical fields Bc] and Bc:. If the value of the driving 

energyy is reached at the field B,|. then the relation 

AA = -E0 + t i J uB B , , - ^ -^ (4.7) 
2u-„ „ 

iss obtained. The first stage of the conversion cycle starting from i|/a is illustrated by the path. 

1—>> 2 —> 3 in Fig. 4.24b and the \|/L- state is obtained at zero magnetic field. Then the field Ba 

alongg the a axis is applied. The energies Ea and EL are given by 

E ^ - g J u ^ B ,,, (4.8) 

77 B: 

EE = E „ - A ^ - L . (4.9) 

(4.5) ) 

(4.6) ) 
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Thee recovery transition to the \j/a state is assumed to occur at Bl2 with the same energy gap A. 

Thenn the relation 

A ^ + g J u ^ B , , - ^ -6 ^^ (4.10) 

iss obtained. E() and A are obtained from Eqs. 4.7 and 4.10 as 

22 4u ( l 

Byy using the values gJ = 10, X, = 2.5 x 10s nrVmol = 0.35 U(,|iB tir/Dy-atom, B,, = 13 T and 
Bt22 = 5 T. the numerical values of these parameters are estimated to be En = 36.3 K and 
AA = 98.1 K. The result of A equal to about 100 K is in good agreement with the observation 
thatt the recovery process occurs as the temperature is increased above 100 K. 

Recently,, dilatometric measurements by Dörr et al. [4.38] have indicated that the axis 
conversionn is connected with a giant magnetostriction (GMS). At 30 K the crystal expands 1.5 
cc/c/c in the c-axis and. at 4 K. the magnetostriction is nearly 4 c/c. These authors showed that in 
thee a-axis direction the crystal shrinks simultaneously, whereas the lattice parameter b stays 
unchangedd in the conversion cycle. Very recently, Svoboda et al. [4.431 have performed ND 
experimentss on a DyCu2 single crystal in order to demonstrate that the drastic change of the 
latticee parameters a and c is connected with a structural change. These authors indicate that 
thee conversion of the easy axis in DyCu2 increases the symmetry of the lattice by changing it 
fromm the orthorhombic CeCu2-type of structure to the hexagonal AlB2-type of structure. It 
shouldd be noted that the former structure can be viewed as a distorted structure of the latter 
one.. i.e. in the orthorhombic description a and c form the hexagonal plane. Finally. Dörr et ai. 
[4.38]]  have indicated that a simple geometric consideration for the change from orthorhombic 
intoo hexagonal symmetry at constant volume yields Ac/c = + 1.5 % and Aa/a = - 1.5 % is 
consistentt with the thermal-expansion results of a DyCu2 single crystal. 

Results s 

Onee of the goals of the present specific-heat measurements was to study the nearly 
verticall  transition lines at approximately 5 K in the Fl phase and at 7 K in the F2 phase, as 
shownn in Fig. 4.23. Because the transition temperatures are nearly independent of the applied 
field,, the specific heat of DyCu2 was measured in zero field and in magnetic fields of 1.7 and 
4.00 T in a wide temperature range in order to cross the transition lines. 
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Figuree 4.25a. Temperature dependence of the specific heat. CfT, of DyCu2 in zero-field. The full 

symbolss represent the experimental data, the open symbols are the magnetic part of the specific heat, 

CM/T. . 
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Figuree 4.25b. Temperature dependence of the specific heat of DyCu2, CfT- for magnetic fields 

parallell  to the a-axis for B = 1.7 T. The full symbols represent the experimental data, the open 

symbolss are the magnetic part of the specific heat. CM/T. 
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Figs.. 4.25a-c show the temperature dependence of the specific heat. CfT. curves of DyCu2 

inn the various magnetic fields applied along the a axis. The full symbols denote the 

experimentall  data points and the open symbols correspond to the magnetic specific-heat, 

obtainedd after subtraction of the lattice and electronic contributions to the specific heat as 

discussedd below. The zero-field data (Fig. 4.25a) show several characteristic features. The 

increasee of the specific heat below 1 K arises from the hyperfine contribution caused by the 

interactionn of the nuclear magnetic moments of Dy with the 4f electronic moments. Also, we 

observee two sharp peaks: a weak one at 19.0 K. corresponding to the transition between the 

AF11 and the AF2 phase, and a strong one at TN = 26.5 K. which is of >t-type. The 

measurementt at 1.7 T (Fig. 4.25b) reflects clearly the transitions between the Fl. the AF2 and 

thee P phase. Starting at the lowest temperature, we observe the tail of the hyperfine 

contributionn that decreases with increasing temperature. After passing a minimum, there is a 

strongg increase in CfT followed by a sharp peak at 5.7 K (AF1 H> AF2) and a broad maximum 

aroundd 7 K. At TN = 18.0 K. we observe a strong but slightly rounded anomaly superimposed 

onn a broad background. The specific-heat data at 4 T are shown in Fig. 4.25c. At the lowest 

temperature,, the system is in the ferromagnetically aligned state as inferred from 

magnetizationn measurements [4.37]. Besides the nearly unchanged hyperfine contribution, we 

observee a >i-type peak at TN = 6.8 K superimposed on a slightly broadened background with 

itss maximum around 6 K. At higher temperatures, CM/T exhibits another broad maximum 

aroundd 20 K. 
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Figuree 4.25c. Temperature dependence of the specific heat of DyCu:. C/T, for magnetic fields 

parallell to the a direction for B = 4 T. The full symbols represent the experimental data, the open 

symbolss are the magnetic part of the specific heat (CMfT). 
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Inn order to study the conversion behaviour of the Ising axis in more detail, we performed 

specific-heatt measurements in a magnetic field of 4.0 T parallel to the c axis of DyCu2. The 

dataa before (full symbols) and after (open symbols) the Ising-axis conversion are shown in 

Fig.. 4.26 and compared with the results along the a-axis as presented above (full line). 

Startingg at 5 K, C/T for the c axis in the virgin, unconverted, state increases with increasing 

temperaturee as was also found in the a-axis measurement. However, the peak at 6.8 K (Fig. 

4.25c)) that is related to the vertical phase transition line in the a-axis phase diagram does not 

occur.. Above 8 K. the C/T values for the field parallel to the c axis are larger than those with 

thee field along the a axis. This behaviour corresponds to a larger energy content of the 

compound.. Then, at 17 K. a sudden drop of the specific heat is observed. This temperature 

mustt be identified with the conversion temperature Tc()ln. The conversion takes place without 

anyy visible fluctuations. The specific heat after the conversion (open triangles) drops exactly 

too the values of the a-axis measurements. Cooling the sample to 2 K and performing a second 

runn on the. now converted, sample from 5 K to 27 K. yields specific-heat values (open circles) 

thatt agree completely with the specific-heat data for the field along the a axis. The conversion 

temperaturee found by specific heat is slightly lower than the conversion temperature found by 

magnetizationn [4.36] and magnetostriction [4.38] measurements (see Fig. 4.27). 
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Figuree 4.26. Magnetic specific heat. CM/T. of DyCu2 versus T in a magnetic field of 4.0 T parallel to 

thee c direction. The results before (full symbols) and after (open symbols) the Ising-axis conversion 

aree compared with the a-axis specific heat (full line). The triangles are from the first run and the 

circless represent results of the second run. The conversion temperature is indicated by the dashed line. 
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Figuree 4.27. Ising-axis conversion fields for DyCu2. The open symbols are from magnetic 

measurementss [4.37], the full symbols are from thermal-expansion and magnetostriction data [4.38]. 

thee specific-heat conversion fields are indicated by stars (The arrows show the direction of the 

measurement). . 

Finally,, we did a continuous-heating magneto-caloric measurement beginning at 4.2 K. 

Thee field ramping rate was set to 0.17 T/min and the sample was thus heated up continuously 

withh 1.3 x 10" K/min. The temperature increase became faster when a field value of 9 T was 

reached.. A large temperature jump was observed at Bconv= 10.3 T followed by a breaking of 

thee sample into two pieces. 

Discussion n 

Thee major features of the zero-field data shown in Fig. 4.25a are the occurrence of two 

peakss at 19.0 and 26.5 K and two broad shoulders with their midpoints around 6 K and 15 K. 

respectively.. The two peaks at 19.0 and 26.5 K correspond to the commensurate-

incommensuratee transition (AF1^>AF2) and the incommensurate-paramagnetic transition 

(AF2^>P).. respectively. The broad anomalies probably originate from low-lying CEF levels. 

Thee sharp peak at 5.7 K shown in Fig. 4.25b in magnetic field of 1.7 T applied along the a 

axiss corresponds well with the transition found in the thermal expansion [4.38] and is due to 

thee AF1—>AF2 transition. The anomaly at 18 K can be associated with the AF2—>P transition. 

Thee broad maxima around 7 K and 18 K must be related to the transitions between low-lying 
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CEFF levels as already observed in the zero-field data around 6 and 15 K. At 4 T. the A.-type 

peakk at 6.8 K shown in Fig. 4.25c corresponds to the transition seen in the thermal expansion 

[4.38]]  and is related to the vertical phase line as shown in Fig. 4.23. The two broad features 

aroundd 6 K and 20 K must again be due to thermal occupation of CEF states. 

Thee specific-heat measurements of DyCui single crystal completely confirm the phase 

transitionss found by other experimental methods. In the a-axis, magnetic moment 

reorientationn processes lead to different magnetic phases called AF1. AF2. Fl and F2. The 

newlyy found additional transitions in the Fl and F2 phases are detectable by specific-heat 

measurementss and, therefore, the origin of these transitions is not only a lattice one. Our 

explanationn of this exotic effect involves an interaction between magnetic and lattice 

properties.. This explanation indicates that the conversion of the easy axis in DyCu? may-

changee the symmetry of the lattice which has been observed both by dilatometric 

measurementss of the sample length [4.38] and, microscopically, by ND experiments [4.40] as 

aa change of the lattice parameters. Hence, it is possible to assume a magnetic order involving 

smalll  transverse spin components without affecting the a-axis magnetization. This finding is 

comparablee with the field-induced transverse spin ordering in FeBr? reported by Petracic et al. 

[4.44].. These authors associated this observation with a weak first-order transition and a sharp 

peakk of the specific heat and explained it in terms of a simple Ising model. 
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Figuree 4.28. Magnetic entropy of DyCui as deduced from specific-heat measurements in different 

magneticc fields. 
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Now.. we will infer the CEF levels in DyCu: from the magnetic contribution to the 

specificc heat. A description of the magnetic properties can be done after separating the 

magneticc contribution to the specific heat. The magnetic part, containing the contribution of 

thee 4f- electrons and the hyperfine specific heat, can be obtained by subtracting the electron 

andd phonon parts from the total specific heat according to C = yT + [3T\ In this procedure, 

y== 6.7 x 10"'1 J/molf.u.K.2 as assumed in ref. 4.38 for the whole RCu? series. We can safely use 

thiss value because the electronic specific heat is negligible compared to the hyperfine 

contributionn at low temperatures and to the lattice and magnetic contributions at higher 

temperatures.. We use the lattice specific heat of LuCu ,̂ which is the non-magnetic analogue 

off  all isostructural RCu2. The LuCu2 data published in Ref. 4.45 fit our experimental results 

betterr than the specific heat of YCu:. The data points for CM as derived by this procedure are 

shownn in Figs. 4.25a-c together with the experimental data points. For further analysis and 

interpretationn of CM it is helpful to calculate the magnetic entropy, SM, by using Eq. 2.4. For 

thee given low point symmetry (Civ) at the Dy site in DyCu ,̂ we expect a splitting of the 

J== 15/2 ground-state multiplet of Dy3+ into eight doublets by the CEF interaction. Any 

externall  magnetic field or internal molecular field induces a Zeeman splitting of the doublets. 

Thee evolution of the magnetic entropy SM with temperature for the measurements in the three 

differentt fields is shown in Fig. 4.28. For the total entropy we expect a 

SMM = Rlnl6 J/mol, UK2 -23.0 J/mol, UK2 at high temperatures. As shown in Fig. 4.28, 

thee entropy at TN is approximately Rln6 J/mol, uK
2 =14.9 J/mol, UK2. This indicates that 

att least three doublets are involved in the formation of the magnetically ordered state. Above 
TN,, the entropy is steadily increasing. The tendency towards saturation of the entropy around 
TT = 45 K is in good agreement with the mean-field calculation of Dörr et al. |4,46], These 
authorss reported that the two highest doublets are well separated from the other six doublets 
withh a splitting of about 100 K. The weak influence of the applied magnetic field on the CEF 
contributionn to the specific heat in the magnetically ordered state indicates that the molecular 
fieldss are stronger than the applied fields. The steep exponential increase of CM (T) above the 
minimumm at 1 K shows that there must be a gap in the magnetic excitation spectrum. The first 
broadd shoulder around 6 K is then a measure of the splitting of the ground state doublet due to 
thee molecular field. The second, much broader shoulder around 15 K may originates from the 
thermall  population of the other four levels. 

Inn conclusion, we can give a complete description of the magnetic phases of DyCu2. and 
inn connection with ND and dilatometric experiments we may assume a hexagonal symmetry 
off  the magnetic exchange interaction that supports the structural change found in this 
substance.. By specific-heat measurements, we have obtained a perfect conversion cycle in 
DyCu:. . 
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