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We report on ultrasound measurements in a single crystal of the antiferromagnet U2Rh2Sn as a function of
temperature and magnetic field. We find pronounced anomalies in the sound velocity at the Néel temperature,
25 K, and at the field-induced spin-flop-like transition at 22.5 T, which points to a strong magnetoelastic coupling.
Additionally, we find that in the paramagnetic regime the temperature dependence of the magnetic susceptibility
and the field dependences of the magnetization and sound velocity of transverse acoustic waves can be well
described assuming a localized character of the 5 f electrons. Using this premise, the crystal-electric-field scheme1
of U2Rh2Sn has been determined.
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I. INTRODUCTION20

The structural, electronic, and magnetic properties of in-21

termetallic compounds based on uranium are widely rec-22

ognized to depend on the degree of the 5 f electron local-23

ization. The 5 f wave functions are on the border between24

localized, as generally are the 4 f states in lanthanides, and25

itinerant, as are the d states of transition metals, and in-26

teract strongly with their environment [1–3]. The extended27

character of the 5 f states has two significant consequences.28

First, the defining electronic-structure quantities—the 5 f29

bandwidth, the screened intraatomic f - f Coulomb inter-30

action, and the spin-orbit interaction—are brought to the31

same energy scale in the eV range (the exchange interac-32

tion is usually much smaller and comparable to the external33

magnetic-field energy). Second, the degree of the localization34

of the 5 f states is easily variable. Uranium-based compounds35

are strongly susceptible to variations in external parameters36

such as temperature, magnetic field, pressure, and elemen-37

tal substitution, and can be conveniently tuned into unique38

electronic states.39

The strong spin-orbit interaction of uranium provides sig-40

nificant orbital polarization of the 5 f states and strongly41

couples the direction of the uranium magnetic moments and42

both the crystal and electronic structures. Magnetic anisotropy43

occurs in conjunction with elastic anisotropy: the direction of44

the uranium magnetic moments is determined by the bonding45

symmetry through a two-ion 5 f -5 f interaction, which, in the46

majority of cases, leads to extremely large anisotropy and47

prevalence of collinear magnetic structures [1]. The uranium48

moments tend to align as far as possible away from the49

nearest-neighbor U-U links.50

Compounds with the general formula U2T2X (T is a d51

metal, X is a p metal) make it possible to test the validity52

of this general picture. Here, one may compare isostructural53

U2Ni2Sn and U2Rh2Sn. Both materials are antiferromagnets 54

below the Néel temperature, TN = 25 K [4–16]. For U2Ni2Sn, 55

the U-U distances within the basal plane of a tetragonal crystal 56

structure, 3.575 Å, are substantially shorter than those along 57

the c axis, 3.693 Å [4,6,11]. Consequently, the magnetic 58

moments align along the c axis [9]. For U2Rh2Sn, however, 59

the shortest U-U distances, 3.586 Å, are along the c axis, while 60

those in the basal plane are 3.622 Å [10–12]. Nevertheless, the 61

uranium moments also align along the c axis. 62

U2Rh2Sn displays a field-induced phase transition for field 63

applied along the easy magnetization direction [17–19]. The 64

transition is reminiscent of a spin flop, whereby the magne- 65

tization continues to grow above the transition, showing a 66

tendency toward saturation. 67

Here, we report on a high-field magnetoacoustic study of 68

U2Rh2Sn. Ultrasound technique is an extremely sensitive tool 69

for detecting magnetoelastic couplings and structural phase 70

transitions [20,21]. Changes in the acoustic properties origi- 71

nate mainly from the exchange-striction mechanism as sound 72

waves change the positions of magnetic and nonmagnetic 73

ions and renormalize the magnetic exchange interactions. For 74

U2Rh2Sn, we find pronounced anomalies in the sound veloc- 75

ity at the spontaneous and field-induced phase transitions. We 76

use our experimental data to determine the crystal-electric- 77

field scheme of this material. 78

II. EXPERIMENTAL DETAILS 79

A U2Rh2Sn single crystal was prepared by a modified 80

Czochralski method as described in Ref. [12]. The lattice 81

parameters of the tetragonal crystal structure (space group 82

P4/mbm) are a = 7.449(1) Å and c = 3.586(1) Å. Back- 83

scattered Laue diffraction was used to check the single- 84

crystalline state and to orient the crystal for magnetization, 85

specific-heat, and ultrasound measurements. 86
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Magnetization in static magnetic fields up to 14 T was87

measured using a commercial physical property measurement88

system (PPMS). The PPMS was also used for specific-heat89

measurements utilizing the relaxation method.90

High-field magnetization was measured in pulsed magnetic91

fields up to 58 T by the induction method using a coaxial92

pickup coil system (a detailed description of the magne-93

tometer can be found in Ref. [22]). Absolute values of the94

magnetization were calibrated using data obtained in static95

fields.96

The field and temperature dependences of relative sound-97

velocity changes, �v/v, were measured using a phase sen-98

sitive pulse-echo ultrasound technique [20,21]. A pair of99

piezoelectric transducers were glued to opposite surfaces of100

the sample in order to excite and detect acoustic waves.101

�v/v is proportional to the frequency change, �ω/ω, phase102

change, �φ/φ, and sample length change, �L/L: �v/v =103

�ω/ω − �φ/φ + �L/L. The last contribution can usually by104

neglected [20]. In static fields, we measured �v/v by fixing105

the phase and determining the frequency change. In pulsed106

fields, we fixed the frequency and analyzed the phase change107

of the acoustic wave.108

We used Z cut and X cut LiNbO3 resonant trans-109

ducers (Boston Piezo-Optics Inc.) to generate and detect110

longitudinal and transverse acoustic waves, respectively.111

We measured the longitudinal, C11 (k || u || [100]), C33112

(k || u || [001]), and transverse, C44 (k || [100], u || [001]), C66113

(k || [100], u || [010]) acoustic modes. Here, k and u are the114

wave vector and polarization of acoustic waves, respectively.115

The absolute values of sound velocity for these modes at 2 K116

are v11 = [3689 ± 50] m/s, v33 = [3347 ± 50] m/s, v44 =117

[1883 ± 50] m/s, and v66 = [1950 ± 50] m/s.118

III. RESULTS AND DISCUSSION119

The magnetic susceptibility, χ = M/H , as well as the120

specific heat, C, of U2Rh2Sn show an anomaly at TN = 25121

K [Figs. 1(a) and 1(b)]. The phase transition at the Néel tem-122

perature is also seen in the relative sound-velocity changes,123

�v/v, due to magnetoelastic coupling [Fig. 1(c)]. The most124

pronounced changes at TN are observed for the longitudinal125

mode C11 for which �v/v displays a step.126

The magnetization, M, shows a field-induced phase tran-127

sition at 22.5 T for field applied along the [001] axis at 2 K128

[Fig. 2(a)]. Above the transition, M changes the slope around129

30 T but still continues to grow. No anomalies are observed130

for field applied in the basal plane. Neutron scattering shows131

that the uranium moments align along the [001] axis, while132

the rhodium moments form a noncollinear arrangement in133

the basal plane [12]. For isostructural U2Ni2Sn, the [001]134

axis is also the easy magnetization direction [9]. However,135

for field applied along this direction, U2Ni2Sn displays three136

field-induced transitions.137

We measured relative sound-velocity changes for the lon-138

gitudinal C11 and transverse C44 acoustic modes for U2Rh2Sn139

in pulsed fields [Fig. 2(b)]. At 2 K, �v/v for C11 shows140

a sharp maximum at the magnetization jump followed by a141

broad minimum in the field range where the magnetization142

changes the slope. �v/v for C44 displays a stepwise softening143

at the transition and changes the slope near 30 T. Pronounced144

FIG. 1. Temperature dependences of (a) the magnetic suscepti-
bility, χ = M/H , in 1 T; (b) the specific heat, C; and (c) the relative
sound-velocity changes, �v/v, for the acoustic modes C11, C33, C44,
and C66 in zero field.

anomalies were also found in the acoustic properties at the 145

field-induced transitions of U2Ni2Sn [9]. 146

With increasing temperature, the anomaly in �v/v for C11 147

at the spin-flop-like transition of U2Rh2Sn becomes more 148

pronounced [Fig. 3(a)]. The broader character of the anomaly 149

at higher temperatures corresponds to a broader jump in the 150

magnetization [12]. Above TN = 25 K, the phase transition 151

is no longer observed in �v/v. The stepwise anomaly in 152

the relative sound-velocity changes for C44 also gradually 153

disappears with increasing temperature [Fig. 3(b)]. 154

The magnetic phase diagram of U2Rh2Sn shows a good 155

agreement between the critical fields of the spin-flop-like 156

transition deduced from our magnetization and from the 157

anomalies found in our sound-velocity measurements (Fig. 4). 158

For uranium-based intermetallic compounds, crystal- 159

electric-field (CEF) effects are usually not so pronounced as 160

for their lanthanide counterparts, which is due to the more 161

extended character of the 5 f wave functions as compared 162
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FIG. 2. (a) Magnetization, M, and (b) relative sound-velocity
changes, �v/v, for the acoustic modes C11 and C44 measured in
pulsed magnetic fields up to 58 T at 2 K.

to the 4 f wave functions. Nevertheless, some uranium-based163

materials show pronounced CEF effects, e.g., UNiSn and164

UCu2Sn [23,24]. For a CEF analysis, we have to make an165

assumption about the state of the 5 f electrons in U2Rh2Sn.166

In uranium-based intermetallic compounds, the 5 f elec-167

trons frequently show both itinerant and localized behavior,168

depending on the temperature [2,25]. At high temperatures169

the magnetic properties can be described within a localized170

model, whereas at low temperatures they can be explained171

by itinerant 5 f electrons. U2Rh2Sn shows a relatively small172

ordered uranium magnetic moment and a small magnetic en-173

tropy [12]. This supports the picture of itinerant 5 f electrons174

in the low-temperature range, below TN. This situation likely175

changes at higher temperatures. One point in favor of this is176

that the effective magnetic moment deduced from a fit above177

250 K approaches the value expected for a localized U3+
178

or U4+ moment [12]. We tested two U configurations for179

the analysis, 5 f 2 (U4+) and 5 f 3 (U3+), and found that the180

magnetic and elastic properties of U2Rh2Sn can be described181

much better by the model that assumes the 5 f 2 configuration182

in the paramagnetic state.183

We use the CEF model to reproduce our magnetic-184

susceptibility, magnetization, and sound-velocity data for C44185

[26,27]. We consider the following effective Hamiltonian:186

He f f = HCEF + HsQ + HQQ + HZeeman, (1)

FIG. 3. Relative sound-velocity changes, �v/v, for the acoustic
modes (a) C11 and (b) C44 measured in pulsed magnetic fields up to
58 T between 2 and 30 K.

where HCEF, HsQ, HQQ, and HZeeman are the CEF, strain- 187

quadrupole, quadrupole-quadrupole, and Zeeman energy, re- 188

spectively. In the tetragonal symmetry of U2Rh2Sn, the CEF 189

term is expressed as 190

HCEF = B0
2O0

2 + B0
4O0

4 + B4
4O4

4 + B0
6O0

6 + B4
6O4

6, (2)

where Bn
m are crystal-field parameters and On

m are Stevens’ 191

equivalent operators [28]. The strain-quadrupole interaction 192

can be expressed as 193

HsQ = −
∑

i

giOiεi, (3)

where gi is the strain-quadrupole coupling constant, Oi is the 194

quadrupole operator, and εi is the strain. Here, i = yz, zx since 195

the calculations of the elastic properties are performed for C44. 196

The quadrupole-quadrupole interaction is given by 197

HQQ = −
∑

i

g′
i〈Oi〉Oi, (4)

where g′
i is the quadrupole-quadrupole coupling constant and 198

〈Oi〉 is a thermal average of the operator Oi. The Zeeman 199

energy is 200

HZeeman = −g jμBJH, (5)
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FIG. 4. Magnetic phase diagram of U2Rh2Sn for field applied
along the [001] axis. The line is a guide to the eye.

where g j = 0.8 is the Landé factor and J = 4 is the quantum201

number of the total angular momentum of a U4+ ion.202

As a first step, we tested various combinations of the203

crystal-field parameters assuming singlet and doublet ground204

states to reproduce the χ vs T and M vs H data. Then we205

calculated matrix elements of the nonperturbed Hamiltonian,206

HCEF + HZeeman, and included quadrupolar interactions as a207

perturbation. This allowed us to reproduce the field depen-208

dence of the elastic modulus C44. Further details of such209

calculations can be found, e.g., in Refs. [29,30].210

The best fit of the magnetic-susceptibility data [Fig. 5(a);211

the chi-squared valuse is 21.52 for the units 10−8 m3 mol−1]212

was obtained for the crystal-field parameters listed in213

FIG. 5. (a) Temperature dependences of the magnetic suscepti-
bility, χ ; (b) and (c) field dependences of the magnetization, M, and
relative sound-velocity changes, �v/v, for C44; and (d) CEF level
scheme of a U4+ ion in U2Rh2Sn obtained from the CEF parameters
listed in Table I. In panels (a), (b), and (c), the symbols and solid
lines represent the experimental and calculated data, respectively. In
panel (d), the thin lines represent singlets and the thick lines represent
doublets.

TABLE I. CEF parameters, Bn
m (K), for U2Rh2Sn.

B0
2 B0

4 B4
4 B0

6 B4
6

−39.9(5) −0.8(5) 10.9(5) 0.1(5) −0.5(5)

Table I. We found a discrepancy between the experimental 214

and calculated data for field applied along the [100] direction 215

upon approaching the antiferromagnetic state for all tested 216

combinations of the crystal-field parameters. This is likely 217

related to changes in the localization of the 5 f electrons with 218

decreasing temperature. We also obtained a reasonable agree- 219

ment between experiment and theory for the field-dependent 220

magnetization at 30 K [Fig. 5(b)]. 221

Our analysis also reproduces the elastic softening observed 222

for C44 at 30 K [see Fig. 5(c) where two examples reproducing 223

the data are shown]. Here, we varied the unknown parameters 224

gi between 100 and 200 K and g′
i between −1.5 and +1.5 225

K to obtain the best agreement with experiment. Remarkably, 226

the use of both ferro- and antiferroquadrupolar interactions 227

provides a satisfactory agreement with experiment. This likely 228

indicates that quadrupole-quadrupole interactions are rela- 229

tively weak but, nevertheless, have to be taken into account. 230

Additional studies are needed to determine their role in the 231

physics of U2Rh2Sn. 232

In a tetragonal CEF, the ninefold multiplet of a U4+ ion 233

splits into five singlets and two doublets [Fig. 5(d)]. The 234

ground state is a �1 singlet and the first excited state is a �5 235

doublet at 58 K. The next excited levels have much higher 236

energies. 237

The good agreement between experiment and theory in the 238

paramagnetic state of U2Rh2Sn supports the general picture 239

of U intermetallics; namely, that the 5 f electrons are more 240

localized at high temperatures and more itinerant at low tem- 241

peratures. In fact, this was proposed for U2Rh2Sn in Ref. [12] 242

on the basis of magnetic-susceptibility data. The more local- 243

ized nature of the 5 f electrons at high temperatures leads to 244

well-defined CEF energy levels. As the 5 f electrons become 245

more itinerant with decreasing temperature, a dispersion of 246

the energy levels is likely to emerge affecting the separation 247

between them. Here, the first excited doublet, �5, at 58 K 248

may shift to lower energies, close to 25 K, causing the phase 249

transition at TN. 250

IV. CONCLUSION 251

Our study revealed pronounced anomalies in the elastic 252

properties at the spontaneous and field-induced magnetic 253

phase transitions of U2Rh2Sn. We used our data to determine 254

the crystal-electric-field scheme of this material. Our analysis 255

shows that quadrupolar interactions have to be taken into 256

account to reproduce the field-dependent sound-velocity data. 257
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