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SrCuTe2O6 consists of a 3-dimensional arrangement of spin- 1
2

Cu2+ ions. The 1st, 2nd and 3rd

neighbor interactions respectively couple Cu2+ moments into a network of isolated triangles, a highly
frustrated hyperkagome lattice consisting of corner sharing triangles and antiferromagnetic chains.
Of these, the chain interaction dominates in SrCuTe2O6 while the other two interactions lead to
frustrated inter-chain coupling giving rise to long range magnetic order at suppressed temperatures.
In this paper, we investigate the magnetic properties in SrCuTe2O6 using muon relaxation spec-
troscopy and neutron diffraction and present the low temperature magnetic structure as well as the
directional dependent magnetic phase diagram as a function of field.

Interesting magnetic behaviour in Heisenberg spin sys-1

tems originates from a network of some elementary mo-2

tifs such as triangles or tetrahedra, where spins at their3

vertices interact with each other via antiferromagnetic4

(AF) interactions. The frustration in such systems often5

leads to exotic ground states such as spin liquids [1, 2]6

and spin ice states [3, 4] where long-range magnetic or-7

der (LRO) is suppressed to low temperatures or com-8

pletely eliminated. In the case where order still occurs it9

can provide insights into the underlying physics and the10

new states arising from the frustration. There are many11

experimental examples for the three dimensional (3D)12

networks of corner-shared tetrahedra (pyrochlore [3–5]13

and spinel structures [6, 7]) such as Gd2Hf2O7 [8], 3D14

networks of corner-shared triangles are relatively less ex-15

plored despite the expectation of novel ground states.16

The simplest possibility of the latter is known as a hyper-17

kagome lattice and has been observed in the compound18

Na4Ir3O8 where every Ir2+ spin is involved in two tri-19

angles. Although initial studies suggested a highly frus-20

trating magnetic lattice with QSL behaviour [9], a glassy21
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magnetic ground state has been observed in the muon22

relaxation studies [10, 11].23

PbCuTe2O6 is an example of a highly connected hy-24

perkagome lattice, also known as the hyper-hyperkagome25

lattice, formed by the highly frustrated first and sec-26

ond nearest neighbour (NN) interactions between Cu2+
27

spins [12]. Experimental and theoretical studies of this28

compound reveal evidence for quantum spin liquid be-29

haviour down to 20 mK, a rare observation in three30

dimensional magnetic lattices [12–14], confirming the31

strong frustration in the system. However, density func-32

tional theory calculations also suggest significant non-33

frustrated third and fourth NN magnetic interactions in34

PbCuTe2O6 whose role in the QSL phase diagram is less35

understood.36

SrCuTe2O6 is a promising quantum magnet, iso-37

structural to PbCuTe2O6 , that can give insights into38

the hyper-hyperkagome frustration mechanism responsi-39

ble for the QSL ground state. SrCuTe2O6 crystallizes40

in cubic symmetry at room temperature (space group41

P4132 [15]) with the magnetic spin- 12 Cu2+ ions occu-42

pying a single Wyckoff site. The Cu2+ ions are coupled43

together by exchange interactions J1, J2 and J3. These44

three interactions couple them into isolated equilateral45

triangles, a hyperkagome lattice and uniform chains (run-46
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Atom
Wyckoff
position

x/a y/a z/a Biso

Te 24e 0.33775 0.91970 0.05890 0.46001
Sr1 8c 0.05335 0.05335 0.05335 0.65537
Sr2 4b 0.87500 0.87500 0.87500 0.61456
Cu 12d 0.12500 0.77446 0.02445 0.47196
O1 24e 0.57936 0.92944 0.37654 0.25773
O2 24e 0.26670 0.81156 0.97806 0.49215
O3 24e 0.22239 0.97760 0.12925 0.53796

TABLE I. The Rietveld refined coordinates and isotropic ther-
mal parameters of SrCuTe2O6 at 7 K.

ning parallel to the a, b and c axes) respectively. If these47

interactions are antiferromagnetic they can give rise to48

a frustrated network of spin- 12 chains. DC susceptibil-49

ity of SrCuTe2O6 yields a negative Curie-Weiss temper-50

ature of θCW ≈ −35.4 K revealing predominantly anti-51

ferromagnetic exchange interactions [16, 17], and shows52

a broad maximum at 32 K. This feature has been at-53

tributed to a one-dimensional spin- 12 Heisenberg antifer-54

romagnetic chain revealing J3 = −45 K [16, 17] as the55

dominant interaction. However, two sharp features occur56

in the susceptibility at lower temperatures TN1 = 5.5 K57

and TN2 = 4.5 K, where a sharp λ-type anomaly is58

also observed in the heat capacity, indicating the onset59

of magnetic transitions in the system. These anomalies60

reveal non-negligible frustrated inter-chain coupling due61

to the finite J1 and J2 [16, 17]. In addition, the com-62

pound exhibits magneto-dielectric coupling at TN1 and63

TN2 [18] attributed to the non-centro-symmetric nature64

of the structural symmetry. Furthermore, specific heat,65

magnetization and dielectric constant measurements as a66

function of applied magnetic field reveal a complex phase67

diagram with an additional field induced phase [16, 17].68

Although SrCuTe2O6 reveals interesting magneto-69

dielectric and magnetoelectric properties around the70

magnetic transitions, the origins of the magnetic order71

and the nature of the magnetic structure below the tran-72

sition temperatures is not known. Here, we present the73

field-temperature phase diagram for three different direc-74

tions of the single crystalline samples of SrCuTe2O6 that75

shed light on the magnetic properties of the compound.76

Further, we investigate the polycrystalline samples with77

muon spin resonance (µ+SR) and neutron powder diffrac-78

tion measurements and propose a model for the zero-field79

magnetic structure in the ordered state. The results re-80

veal that the first neighbor triangle interaction provides81

the interchain coupling and is responsible for the long-82

range order in the system.83

I. SAMPLES & EXPERIMENTAL METHODS84

Polycrystalline powder of SrCuTe2O6 was prepared85

from stoichiometric mixture of high purity powders of86

SrCO3 (99.99%), CuO (99.995%) and TeO2 (99.99%) by87

solid state reactions at 650◦C in a vacuum furnace un-88

FIG. 1. Neutron powder diffraction pattern of
SrCuTe2O6 measured in the paramagnetic state at T = 7 K
on the WISH diffractometer at a mean 2θ = 154◦. The
pattern can be well fitted by considering a cubic structure (
P4132 space group) and lattice constant of 12.4373 Å using
Rietveld refinement.

der Argon flow. For crystal growth, first stoichiomet-89

ric amounts of high purity SrCO3, CuO and TeO2 were90

mixed as above and sintered twice for 12 hours at 600◦C91

in Argon flow with intermediate grinding. Then a feed92

rod (diameter≈6 mm, length≈7-8 cm) was prepared from93

the stoichiometric powder and densified by pressing in a94

Cold Isostatic press in 2000 bars and subsequent sinter-95

ing at 650◦C in Argon flow. Crystal growth was done96

using the feed-rod by the Floating zone technique in a97

four mirror type optical image furnace (Crystal Systems98

Corp., Japan). Growth was done at a rate of 1 mm/hr99

in Argon atmosphere at ambient pressure. The as-grown100

crystal is approximately 5 mm diameter and 3.5 cm in101

length. It was checked by X-ray Laue diffraction for sin-102

gle crystallinity and confirmed by polarized optical mi-103

croscopy to be free of inclusions. The quality of the crys-104

tal has also been analyzed for phase purity by grinding a105

small piece of the crystal into powder upon which x-ray106

diffraction was performed. These single crystals reveal a107

small quantity of non-magnetic impurity in the form of108

Sr2Te3O8 amounting to less than 1%. The single crystals109

were then characterized by magnetic susceptibility, mag-110

netization and heat capacity in the temperature range of111

1.8−400 K and an external field of 0−7 T using a Physi-112

cal Property Measurement System (PPMS). The sample113

synthesis and characterization took place at the Core Lab114

for quantum Materials, Helmholz-Zentrum Berlin, Ger-115

many.116

µ+SR measurements on the polycrystalline117

SrCuTe2O6 were performed at the General purpose118

Spectrometer (GPS) at the SMuS facility in Paul Scher-119

rer Institut down to 1.6 K in zero field. The nuclear120

and magnetic structure of SrCuTe2O6 was investigated121

between 20 K and 1.6 K by obtaining neutron diffraction122

patterns on powder sample of 10 g. An initial search for123

the magnetic Bragg peaks was carried out at the DMC124

diffractometer [19] at the Paul Scherrer Institut, Switzer-125
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land using two incident wavelengths λ = 2.46 Å and126

4.504 Å (PG002 monochromator) covering a momentum127

transfer Q in the range of 0.2 Å−1 <Q< 3.7 Å−1 and128

0.35 Å−1 < Q < 2 Å−1 respectively. The diffraction129

patterns were collected at 1.6 K, 5.2 K and 20 K.130

Detailed temperature dependence of the nuclear and131

magnetic structure on the powder sample was performed132

at the time-of-flight diffractometer WISH [20] at the ISIS133

facility, UK. The patterns were collected for tempera-134

tures between 1.5 K and 15 K and momentum transfer135

0.37 Å−1 <Q< 9 Å−1. In both cases, the powder was136

loaded into a cylindrical vanadium can and the tempera-137

ture was controlled using a typical orange cryostat. The138

patterns are refined using the Rietveld method in the139

Fullprof package [21] and magnetic symmetry analysis140

was performed using a combination of BasiReps and141

Bilbao crystal server software packages [22]. Figure. 1142

shows the neutron powder diffraction of the nuclear143

structure taken at 7 K at the WISH diffractometer. The144

refinement agrees with the non centro-symmetric cubic145

structure space group: P4132, consistent with previously146

reported results [16, 17] at room temperature. The147

lattice constant at 7 K is found to be 12.4373(2) Å. The148

refined values of the coordinates and thermal factors are149

listed in Table. I.150

II. RESULTS151

A. Magnetic properties of single crystal152

Figure. 2a shows the zero-field-cooled dc-magnetic sus-153

ceptibility of the polycrystalline and single crystal sam-154

ples in a bias field of H= 0.05 T revealing several impor-155

tant clues to the magnetic state of the system (1.8 K-156

400 K). At high temperatures, the inverse susceptibil-157

ity is linear (fig. 2b) and can be fitted to paramagnetic158

Curie-Weiss (CW) behaviour: χ = χcore +χvv + C
T−θCW ,159

where χcore = −1.54 × 10−4 cm3. mol−1 is the diamag-160

netic contribution from the core non-magnetic ions Te4+161

ions and χvv refers to Van Vleck paramgnetism. In order162

to obtain reliable values of the Curie-Weiss temperature163

θCW , we have varied the lower bound of the temperature164

range of the fits from 100 K to 200 K. The best fits are165

obtained for 140 K−400 K and the resulting fit param-166

eters χvv, Curie-Weiss constant C, θCW along with the167

derived µeff = 3CkBNA/µB and g−factor are tabulated168

in Table. II. The values of θCW are: −28 ± 0.3 K, −28169

± 1 K, −26 ± 1 K and −27.5 ± 1.5 K for polycrystalline170

and crystalline (100), (110) and (111) axes respectively.171

Within the sensitivity of the measurement and of de-172

magnetization effects due to the shape of the crystal, the173

single crystal susceptibility in all crystalline directions174

follows that of the polycrystalline sample hence confirm-175

ing the isotropic nature of the Cu2+ spins in SrCuTe2O6 .176

Furthermore, the negative θCW values confirm the pre-177

dominant antiferromagnetic interactions in the system.178

The effective moment calculated from the Curie-Weiss179

FIG. 2. a) Susceptibility of polycrystalline and single-crystal
samples of SrCuTe2O6 exhibiting a broad hump at ∼ 32 K.
The solid lines are fits to the numerical antiferromagnetic
spin- 1

2
chain susceptibility [23, 24], b) Curie-Weiss fit to the

inverse of the susceptibility. c) Derivative of dc-susceptibility
(shown in panel a) for the single crystal and polycrystalline
samples revealing two anomalies at TN1 ≈ 5.5 K and TN2 ≈
4.5 K.

constant is ∼1.85 µB which is very close to the full mo-180

ment of the free Cu2+ spin. Accordingly, the derived181

g−factor is close to 2.1 in the four measurements assum-182

ing spin-1/2. We find that the θCW values are smaller183

than the previously reported θCW = −35 K in polycrys-184

talline samples [16, 17]. The discrepancy could be at-185

tributed to the sensitivity of the θCW to the fitted tem-186

perature range.187

In the intermediate temperature range, all the four188

data sets exhibit a broad hump around ∼32 K indica-189

tive of short-range magnetic correlations, characteristic190

of 1D Heisenberg spin- 12 chain compounds. The solid191

grey lines in fig. 2a are a fit (T>15 K) to the high-192

temperature series expansion for the DC susceptibility193
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Sample
χvv(×10−5)
(cm3/mol)

C
(cm3·K/mol)

θCW

(K)
µeff

(µB)
g-
factor

Powder 4.49 ± 0.01 0.413 ± 0.008 28.44 ± 0.3 1.82 2.1
(100) 6.95 ± 0.05 0.436 ± 0.003 27.94 ± 1 1.87 2.16
(110) 5.38 ± 0.06 0.426 ± 0.003 26.15 ± 1 1.85 2.13
(111) 11.72 ± 1.1 0.421 ± 0.005 27.5 ± 1.5 1.84 2.12

TABLE II. The Curie-Weiss temperature, effective moment,
and the g-factor as derived from the Curie-Weiss fit to the high
temperature magnetic susceptibility (T> 140 K, H= 0.05 T)
of the powder sample and single crystal sample aligned paral-
lel to external field along the (100), (110) and (111) directions.
Note: The higher χvv along (111) is likely due to the param-
agnetic background from teflon wrapped on the sample (not
used for the directions).

of a spin- 12 Heisenberg antiferromagnetic chain [23, 24]:194

χ = χcore + χvv +
NA µB

2g2

4kBT
×

1 + 0.08516x+ 0.23351x2

1 + 0.73382x+ 0.13696x2 + 0.53568x3

(1)

where Jchain in x = Jchain/T is the chain interaction195

which is also the 3rd nearest-neighbour interaction in the196

case of SrCuTe2O6 . The g-factor and χvv are also fit-197

ted within this model and the resulting parameters are198

tabulated in Table. III. The model yields a chain inter-199

action Jchain ∼ 49 K and a g-factor of ∼2.2 in the single200

crystal. The observed g-factor, although slightly higher201

than the fully isotropic spin system, it is consistent with202

the values obtained from high temperature Curie-Weiss203

behaviour. In Heisenberg systems the Curie-Weiss tem-204

perature is the weighted sum of all the relevant magnetic205

interactions:206

θcw = −S(S + 1)

3kB
(2J1 + 4J2 + 2J3) (2)

taking J3 = 49 K, the triangle-based inter-chain cou-207

plings in SrCuTe2O6 sum to Jinter = J1 +2J2 = 8 K sug-208

gesting that they are antiferromagnetic and frustrated.209

As a result, SrCuTe2O6 exhibits magnetic transitions at210

the temperatures TN1 = 5.5 K, TN2 = 4.5 K which are211

much lower than the Curie-Weiss temperature. They are212

revealed as peaks in the first derivative of the suscepti-213

bilities plotted in fig. 2c.214

To confirm the presence of magnetic transitions, heat215

capacity of the single crystal has also been measured. As216

shown in the fig. 3, the phonon contribution (Cphonon) of217

the high temperature heat capacity is very well described218

by a sum of one Debye integral and two Einstein terms219

given in eq. 3 (fit range 40 K≥T ≥200 K) allowing the220

extraction of the dominant magnetic contribution at low221

Sample
χvv (×10−5)
(cm3/mol)

g-factor
Jchain (J3)
(K)

Powder 3.85 ± 0.1 2.12 ± 0.005 49.1±0.02
(100) 3.41 ± 0.1 2.19 ± 0.006 49.84±0.02
(110) 1.59 ± 0.11 2.18 ± 0.006 50.09±0.02
(111) 10.3 ± 0.13 2.15 ± 0.001 50.09±0.03

TABLE III. The chain interaction strength and g-factor as
derived by fitting the magnetic susceptibility above TN1

(T ≥15 K, H= 0.05 T) of the powder sample and single crys-
tal sample aligned parallel to external field along the (100),
(110) and (111) directions.

temperatures.222

Cphonon(T ) = 9R(n− Ci)

(
T

θD

)3 ∫ θD
T

0

x4ex

(ex − 1)2
dx

+ 3R
∑
i=1,2

Ci

(
θE,i
T

)2
e
θE,i
T

(e
θE,i
T − 1)2

(3)

Here, R= 8.3145 J. mol−1. K−1 is the gas constant, n,223

θD, Ci, θE,i are the no. of atoms per unit cell, Debye224

temperature, no. of Einstein modes and corresponding225

Einstein temperatures respectively.226227

The obtained magnetic quantity Cmag/T , where228

Cmag = Cp − Cphonon, shows two λ-like anomalies are229

observed at lower temperatures TN1 = 5.5 K and TN2 =230

4.5 K (inset of fig. 3a). These transitions are consistent231

with the previous reports in the polycrystalline samples.232

Above the magnetic transitions, Cmag/T shows a broad233

peak at ≈ 15.1 K (left y-axis of fig. 3b). This is a char-234

acteristic feature observed in Heisenberg spin-1/2 anti-235

ferromagnetic chains [24, 25] which relates to the chain236

interaction Jchain as:237

TmaxCmag/T

Jchain
≈ 0.3072 (4)

giving Jchain = 49.25 K, in close agreement with the238

results from susceptibility. Although the magnitude of239

the magnetic contribution at higher temperatures varies240

with the fit range of the phonon contribution, we find241

that the magnetic entropy at lower temperatures (≈242

T < 10 K) is unaffected by this artifact (right y-axis243

of the fig. 3b). We find that only 10% of the total mag-244

netic entropy is released across the magnetic transitions245

( 4.5 K< T < 5.5 K) . Therefore, the remaining 90% of246

the entropy can be associated with the short range mag-247

netic correlations corresponding to the one-dimensional248

nature of the Cu2+ spins above the magnetic transition.249

In order to explore the effects of magnetic field250

on SrCuTe2O6 , magnetization measurements were per-251

formed at various temperatures. High field magnetiza-252

tion at T = 2 K using a pulsed magnet, as well as lower253

field DC magnetization measurements along the (100)254

and (110) direction respectively are presented in fig. 4a-255

b. The pulsed field measurements were normalized by256
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FIG. 3. a) Heat capacity of the crystalline sample. Red solid
line is a fit to the Debye-Einstein model (eq. 3) describing
lattice heat capacity. Inset: λ−like anomalies at the two
magnetic transitions at TN1 = 5.5 K, TN2 = 4.5 K. b) Left
y-axis: the magnetic specific heat at low temperatures after
subtracting the lattice contribution. Right y-axis: change in
the magnetic entropy from the spin-1/2 value (Rln2) around
the magnetic transition.

the DC magnetization and reveal that the Cu2+ moment257

reaches 0.5 µB at 56 T. Considering a linear extrapola-258

tion, the saturation field can be expected at ≈ 110 T.259

At lower fields, two sets of anomalies are observed in260

the derivative of magnetization (in dc-field) along the261

(100) direction indicating possible field-induced magnetic262

transitions in the single crystal of SrCuTe2O6 . As shown263

in the inset of fig. 4a, these anomalies occur at ≈ 4.2 T264

and 5.5 T accompanied by shoulder peaks at 3.98 T and265

5.13 T. Magnetization along crystalline (110) direction266

at 2 K (see inset of fig. 4b) also reveals three anoma-267

lies at ≈ 3 T, 4.2 T and 5.5 T. These anomalies were268

followed as a function of temperature for the three direc-269

tions of the single crystal (see fig. 4c, e, g)) as well as270

for the polycrystalline sample. The derivative of magne-271

tization dM/dH in Fig. 4d shows that the anomalies give272

rise to sharp and strong peaks when the field is applied273

along the (100) direction. With increasing temperature,274

the lower peak shifts to lower fields up to TN2 = 4.5 K275

whereas the higher peak (5.5 T) shows a slight shift to-276

wards higher fields and disappears above 5 K. We observe277

that the shoulder peaks essentially move along with the278

main peaks. We believe this is due to a smaller crystallite279

within the sample with a misaligned (100) direction.280

Along the (110) direction, the peaks in the dM/dH are281

much weaker compared to the (100) direction, however,282

their position moves towards higher fields gradually up283

to TN2 = 4.5 K where the highest field peak reaches a284

maximum of 6 T as shown in fig. 4f. Only the highest285

field anomaly survives in the intermediate phase between286

TN2 = 4.5 K and TN1 = 5.5 K similar to the (100) direc-287

tion. Finally, magnetization along the crystalline (111)288

direction (fig. 4g-h) shows characteristics of behaviour289

along (110) as well as (100) direction. At base tempera-290

ture T = 2 K, the magnetization resembles mainly that291

of the (110) direction with anomalies in the dM/dH ob-292

served at ≈ 3.1 T, 4.1 T and 5.4 T. However, the two293

lower field anomalies merge at 3 K above which the peak294

shifts to lower fields and vanish above TN2 = 4.5 K. On295

the other hand, the higher field anomaly stays between296

5 T and 6 T similar to the other two directions.297

These results are corroborated in the heat capacity298

measurements. The λ-like features corresponding to TN1299

and TN2 in the specific heat also exhibit a significant field300

dependence in the three directions (see fig. 5). We ob-301

serve that the respective anomalies along (100) direction302

become sharper (indicated by solid red lines in fig. 5a) in303

the external field. The TN2 transition disappears above304

4 T and a new transition anomaly is observed at 6 T.305

Above this field, a single, broad anomaly is seen at TN1.306

While the behaviour of these transitions is similar along307

the (110) direction (fig. 5b), two additional transition308

anomalies are observed at 2.1 K and 3.9 K in 3 T and309

5 T field respectively (indicated by stars). These transi-310

tions are consistent with the anomalies observed in the311

magnetization of the crystal along (110) direction. The312

(111) direction of the crystal shows one additional peak313

at 2.6 K in 3.5 T field (blue star in fig. 5c) while largely314

retaining the peaks corresponding to TN1 and TN2 from315

the (100) direction. However, the TN1 transition remains316

sharp along (110) and (111) directions at fields H≥ 6 T317

unlike along the (100) direction. Combining these obser-318

vations, the phase diagram is then constructed for each319

of the crystal directions separately along with the poly-320

crystalline sample.321

Figure. 6a shows that phase diagram of the single crys-322

talline SrCuTe2O6 along (100) direction identifies three323

possible magnetic phases in the system. Here, phase-I324

refers to the magnetic ground state, phase-II is an in-325

termediate phase and the phase-III, where heat capac-326

ity shows a broad λ, refers to ferromagnetic canting of327

the spins. These results are similar for the polycrys-328

talline sample and in good agreement with the previ-329

ously reported results [16–18]. Two additional phase-IV330

and phase-V are also observed when the field is applied331

along the (110) direction. Field along the (111) direction332

reveals phase-IV as well as the phases observed along the333

(100) direction. These additional phase transitions in-334

dicate a preferential orientation of the spins along the335
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FIG. 4. a-b) Magnetization of SrCuTe2O6 at 1.6 K measured in pulsed field and DC field at 2 K applied along the two crystalline
directions (100) and (110) respectively. Insets: derivatives of magnetization measured in dc-field at 2 K. c,e,g) Magnetization
curves measured at several temperatures in the dc-field for the three crystalline directions and, d,f,h) show the corresponding
evolution of the derivatives of the magnetization indicating new field-induced transitions.

FIG. 5. Heat capacity Cp/T
2 of SrCuTe2O6 as a function of temperature at several constant magnetic fields applied parallel

to the crystalline a) (100), b) (110) and c) (111) directions. The additional stars in b)-c) indicate the additional anomalies
compared to polycrystalline and (100) direction of the crystal.

(110) direction which undergoes the most phase tran-336

sitions whereas the presence (phase-IV along (111)) or337

absence (along (100)) of these additional phases could be338

attributed to the energy difference required to rotate the339

spins from (110) to (111) (35◦ rotation) or from (110) to340

(100) (55◦ rotation).341

B. Muon Spin Relaxation342

To obtain more insight into the nature of the mag-343

netic order below the two transitions TN1 and TN2 in344

SrCuTe2O6 we further probe the material with muon spin345

relaxation (µ+SR) experiments in zero magnetic field be-346

tween 2 K and 10 K. Figure. 7a-e show the µ+SR spectra347

of SrCuTe2O6 as a function of decay time at several tem-348

peratures in the ordered state (T < TN1 = 5.5 K) and in349

the paramagnetic state T = 6 K. At base temperature,350
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FIG. 6. H-T phase diagram of single crystal of SrCuTe2O6 with external field applied a) along (100) direction, b) along (110)
and c) along (111) directions.

the spectrum clearly reveals the oscillatory behavior of351

the asymmetry resulting from the Larmor precession of352

the muon spin around the local internal field set by the353

magnetic ordering in the system. Furthermore, the rem-354

nant relaxation at long time-scales saturates at 1
3 of the355

initial value of the asymmetry. These observations are356

typical indications of static magnetic order in the sys-357

tem.358

The Fourier transform (FFT) of the oscillating spectra359

reveals nine frequency components at base temperature360

as shown in fig. 7f and their distribution varies as the361

temperature increases towards TN2 (fig. 7f -g). There-362

fore, all the spectra below TN2 are fitted by considering a363

superposition of nine Gaussian-distributed internal mag-364

netic fields to describe the precessing part of the spec-365

trum as described in the following model:366

Gz(t) = fmag

[
2

3

9∑
i=0

AT,iCos(2πνit)e
−λT,it +

1

3
e−λLt

]
+ (1 − fmag)GKT e

−λbkgt

(5)

where GKT is the Gaussian Kubo-Tayabe function367

that describes the asymmetry due to nuclear moments368

in the paramagnetic state and fmag is the magnetic369

contribution due to electronic spin ordering in the sys-370

tem. The magnetic part is further separated into 2
3371

Cosine-oscillating term consisting of nine frequency con-372

tributions (νi) with weight fractions AT,i, and 1
3 non-373

oscillating relaxing term at long time-scales. The former374

term describes a homogeneous Gaussian distribution of375

internal fields and the latter term implies the relaxation376

(λL) of those muons whose spin is longitudinal to the in-377

ternal field at the time of decay and hence is indicative378

of the spin dynamics in the system. Upon approaching379

TN1 from high temperatures the magnetic fraction fmag380

FIG. 7. a-e) Normalized µSR asymmetry spectra of pow-
der SrCuTe2O6 measured at GPS spectrometer in zero field
as a function of temperature. The oscillations at the low
temperature confirm the magnetic ordering and can be fitted
(solid lines) with a 9-frequency component as described in the
text. The corresponding Fourier transform of the µSR spec-
tra (real part) are plotted in f -j). The multi-frequency model
also describes the Fourier transform the oscillations very well
as shown by the black solid lines. The blue solid lines indi-
cate non-oscillating dynamic part decaying with λL rate. The
grey solid lines in h-i represent the three Gaussian terms in
the intermediate phase.
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reaches a value of unity (left y-axis of fig. 8a) confirm-381

ing that all of the Cu2+ in SrCuTe2O6 undergo magnetic382

transition and eliminating the possibility of phase sepa-383

ration. Consequently, λL peaks up at TN1 = 5.8 K and384

TN2 = 4.6 K and as shown in the right y-axis of fig. 8a385

reflecting the critical dynamics at the magnetic transi-386

tions in SrCuTe2O6 . These transition temperatures are387

in close agreement with the values observed in the mag-388

netic heat capacity and susceptibility measurements.389

The field distribution below TN2 is clearly separated390

into nine components (as explained above) with the391

strongest frequency at base temperature occurring at392

ν=2.4 MHz. This refers to an internal field of 0.18 kOe393

with a small field distribution (gaussian width) of ∆ν =394

0.729 MHz= 5 mOe. Above TN2, the nine frequency com-395

ponents collapse into a broad peak (fig. 8b). To further396

understand the distribution of the field in this region two397

spectra, namely 4.8 K and 5 K, have been fitted by con-398

sidering one, two and three Gaussian terms respectively399

with 3-Gaussian (fig. 7h,i) resulting in a best fit. This400

model also sufficiently describes all the temperatures be-401

tween TN1 < T < TN2 (χ2 ≈ 1). For consistency, the402

broad field distribution in this range has also been ana-403

lyzed using a zeroth order Bessel function that points to404

an incommensurate spin density wave model [26]. The405

resulting χ2 was found to be 2.6 clearly indicating that406

the model is not applicable in SrCuTe2O6 . With increas-407

ing temperature the broad Gaussian gradually moves to408

smaller frequencies and completely vanishes above the409

highest transition at TN1 = 5.8 K.410

We may attribute the origin of these frequencies to a411

composite of the muon sites around three inequivalent412

Oxygen sites (Tab. I) (with three Cu-O bond lengths:413

1.939 Å, 1.943 Å and 3.086 Å) and local spin directions414

of the 12 Cu moments with respect to the incoming µ+−415

spin. However, a confirmation of the same requires a de-416

tailed calculation of muon sites based on the Coulomb417

potential. Nevertheless, the ZF-µSR data clearly reveal418

two different magnetic phases with distinguishing inter-419

nal field distributions in zero-field.420

C. Magnetic structure421

To investigate the magnetic structure of SrCuTe2O6 in422

the ground state, i.e., below TN2 = 4.5 K, several powder423

diffraction patterns are obtained between temperatures424

1.7 K and 7 K, in particular, high intensity spectra were425

collected at 1.7 K and 5.2 K. Representative low tem-426

perature diffraction patterns of SrCuTe2O6 obtained on427

the DMC diffractometer are plotted in fig. 9a for a poly-428

crystalline sample at the base temperature 1.7 K, in the429

intermediate magnetic phase at 5.2 K and in the para-430

magnetic state at 20 K. These patterns reveal that the431

nuclear structure of the SrCuTe2O6 remains unchanged432

even below the magnetic transition. Additionally, a new433

Bragg peak is observed at d = 12.3304 Å correspond-434

ing to the (1,0,0) reflection below the magnetic transi-435

FIG. 8. a) Left yaxis: magnetic fraction fmag as described
in the eq. 5. Right y-axis: Longitudinal relaxation λL of the
µSR spectra and, b) map of the Larmor precession frequen-
cies, proportional to the order parameter, below the magnetic
transitions in polycrystalline SrCuTe2O6 .

FIG. 9. a) High intensity powder neutron diffraction pat-
terns measured at the DMC diffractometer below the mag-
netic transitions at 1.7 K, 5.2 K and above at 20 K. b) The
difference patterns with respect to 20 K reveal several mag-
netic peaks. The solid green lines refer to Gaussian fit of the
(1,0,0) peak at 12.43 Å for the two subtracted patterns.
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FIG. 10. a-c) Rietveld refinement of the magnetic inten-
sities measured at the WISH diffractometer at 1.6 K (ob-
tained by subtracting the intensity at 7 K) using three differ-
ent irreducible representations of the magnetic structure for
SrCuTe2O6 .

tion at 1.7 K. The patterns subtracted from data at high436

temperature (see fig. 9b) clearly shows that the (100)437

peak survives even at 5.2 K. Furthermore, Gaussian fit438

of the peak (solid green line in fig. 9b) reveals that its439

position and FWHM remain unchanged within the error440

bars at the two temperatures (0.41 ± 0.08 Å and 0.32441

± 0.03 Å respectively for 5.2 K and 1.7 K). The sub-442

tracted patterns also reveal additional magnetic inten-443

sities clearly visible on the weak nuclear peaks (2,1,0),444

(3,0,0)+(2,2,1), (3,1,0) and (3,1,1) at the d-spacing of445

5.6 Å, 4.2 Å, 4 Å and 3.8 Å respectively. However, the446

contribution of magnetic intensity on the strong nuclear447

peaks is ambiguous. Although the structural peaks at448

(2h+1,0,0) are allowed for the primitive type of unit cell,449

the four-fold screw symmetry of space group P4132 for-450

bids these peaks while allowing only those with h= 4n.451

Therefore, the magnetic propagation vector can be iden-452

tified as qm = (0, 0, 0).453

Representation analysis for the propagation vector454

(0,0,0) reveals that the reducible magnetic representa-455

tions (Γmag) associated with the 12d Wyckoff position456

of Cu decomposes into direct sum of five irreducible rep-457

resentations (IRs) denoted as Γi (i = 1 − 5). We use458

superscript to indicate dimensionality of the IRs:459

Γmag = 1Γ1
1 + 2Γ1

2 + 3Γ2
3 + 4Γ3

4 + 5Γ3
5 (6)

Following the standard approach, the solution of the460

magnetic structure was searched assuming a single IR461

(irreducible magnetic order parameter). For the three-462

dimensional IRs Γ4 and Γ5, only high-symmetry com-463

binations of the basis functions corresponding to max-464

imal isotropy subgroups [27], were tested. The low-465

symmetry magnetic structures require a strongly first466

order phase transition and are unlikely from the ther-467

modynamic point of view. The systematic absence of468

the (2h,0,0) magnetic reflections is inconsistent with the469

Γ4 and Γ5 IRs, while discrimination between Γ1, Γ2 and470

Γ3 were more challenging. As the changes on the strong471

nuclear peaks such as (1,1,0), (1,1,1) and (2,1,1) are not472

clear, these regions are excluded from the analysis while473

refining the magnetic structure. For this we used high474

intensity datasets collected on the WISH time-of-flight475

diffractometer. The magnetic intensity was obtained by476

subtracting the 7K data from the 1.5 K dataset.477

Figure. 10a-c show individual refinements of the mag-478

netic peaks for IRs Γ1, Γ2 and Γ3 respectively. All the479

three representations reproduce the strongest magnetic480

peak (100) (at d=12.438Å) very well with the differences481

in fit quality appearing only at high-Q peaks such as482

(2,2,1)+(3,0,0) (d = 3.933 Å) and (3,1,0) (d = 4.1461 Å)483

resulting in a best magnetic Bragg-factor (2.93) from the484

first IR, Γ1. The corresponding magnetic structure im-485

plies the cubic magnetic symmetry P4132 (#213.63) with486

the basis and origin defined with respect to the para-487

magnetic space group as: (1,0,0), (0,1,0), (0,0,1) and488

(-1/4,-1/4,-1/4), respectively. In this magnetic struc-489

ture, each of the Cu-spins is aligned along a local (1,1,0)490

direction. Here, the third nearest neighbours of Cu2+
491

forms antiferromagnetic spin- 12 chains running along the492

three mutually perpendicular crystallographic a-, b- and493

c- axes. Furthermore, we observe two parallel chains per494

cubic direction, as shown in fig. 11a for chains along a-495

axis, whose spins take on two perpendicular spin direc-496

tions in the b-c plane, (0,1,1) and (0,1,-1). This results497

in a total of 6 spin directions in the ordered state of498

SrCuTe2O6 which are connected by the triangular first499

and second neighbour interactions J1 and J2. The frus-500

trated first nearest-neighbour interaction J1 forms co-501

planar 120◦ triangles as highlighted in fig. 11b. Al-502

though these triangles are isolated from each other, spins503

on the vertices of every triangle participates in coupling504

the three perpendicular spin-chains leading to three di-505

mensional magnetic order in the system. On the other506

hand, the spin arrangement around the J2 triangles (or-507

ange color bonds in fig. 11a) is neither 120◦ (antiferro-508

magnetic) nor ferromagnetic suggesting that it is weak.509

Therefore, it is clear that the J1 rather than the hyperk-510

agome interactions J2, are responsible for the inter-chain511



10

coupling.512

In the intermediate phase, only one magnetic peak at513

(1,0,0) is clearly observed as seen in fig. 9b. This points514

to the same magnetic propagation vector qm = (0, 0, 0)515

in the intermediate phase within the instrumental reso-516

lution. However, as we show in the fig. 10, the (1,0,0)517

reflection can be fitted with several models (including518

the Γ1, Γ2 and Γ3 representations) restricting a defini-519

tive conclusion about the magnetic order in this phase.520

Therefore, the pattern in the intermediate phase is re-521

fined by the simplest magnetic structure resulting from522

Γ1 (same as the low-temperature phase). Figure. 11c523

shows the evolution of Cu2+ moments as a function of524

temperature which reaches a maximum ordered moment525

of ∼0.4 µB at 1.6 K. The total ordered moment calcu-526

lated by Schulz et al., [28] for Heisenberg spin-1/2 chain527

with interchain coupling Jinter using mean-field-theory is528

given as:529

m0 = 1.0197

√(
Jinter
Jchain

)
(7)

which yields a value of m0 ≈ 0.41 µB for530

SrCuTe2O6 considering Jinter = 8 K and Jchain = 50 K.531

While this value is consistent with the experimental mo-532

ment at the base temperature, it also confirms the pres-533

ence of weak antiferromagnetic inter-chain coupling re-534

sponsible for the loss of 60% of full moment expected535

for fully ordered Cu2+ spin as would be found in a 3D536

ferromagnet. As the error bars of the moment obtained537

from powder diffraction are high, we have also followed538

the intensity of the magnetic Bragg peak (300) in the sin-539

gle crystal of SrCuTe2O6 (right y-axis of fig. 11c) which540

clearly indicates a non-zero intensity below the first mag-541

netic transition TN1 = 5.5 K. However, no significant542

changes are observed at the lower transition TN2 = 4.5 K.543

DISCUSSION544

The magnetic, thermodynamic properties and µ+SR545

measurements clearly identify two magnetic phases in546

SrCuTe2O6 in zero field at TN1 ≈5.5 K and TN2 ≈4.5 K.547

The low temperature phase (Phase-I in fig. 6) below TN2548

is described by a co-planar 120◦ structure of the Cu spins549

coupling three mutually perpendicular AF chains so that550

each of the spins points along a local (110) direction as551

explained in the sec. II C. The intermediate phase (phase-552

II in fig. 6) between TN1 and TN2 is associated with broad553

local field distribution around the muon site. However,554

we note that there is no indication for an incommensurate555

spin structure as the field distribution is always Gaussian-556

like pointing to a homogenous local internal field instead557

of continuous fields centered around 0 T expected for a558

helical/chiral spin structure or spin density wave type of559

modulation [26, 29].560

The preferential local (110) direction of the spin struc-561

ture in the ground state is also apparent in the H-T562

FIG. 11. a Magnetic structure of SrCuTe2O6 described by
Γ1 representation at the base temperature 1.7 K showing the
two chains propagating along each of the cubic axes within a
single unit cell. Spins in a chain are perpendicular to those
in the neighboring parallel chain in the same direction and
are connected by triangular J1 and J2 couplings. b shows
the inter-chain coupling promoted by first nearest neighbour
interaction J1 forming 120◦ co-planar structure, c the tem-
perature dependence of the ordered moment refined on the
polycrystalline sample by considering the magnetic structure
from Γ1 as well as the integrated intensity of the magnetic
peak (3,0,0) of the single crystalline SrCuTe2O6 below 7 K.
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phase diagram. When the field is applied along (110)563

direction i.e., parallel to one of the local ordered spin di-564

rections, five different phases can be identified. Whereas565

field along (111) and (100) result in four and three phases566

respectively as shown in fig. 6. While heat capacity data567

reveals sharp peaks at the phase boundaries in all the568

three directions (see fig. 5), the changes in magnetization569

are sharpest along (100) direction (see fig. 4) and weak-570

est along the (110) direction suggesting that the latter571

is also a preferred magnetization direction. Addition-572

ally, the presence of phase-IV along (111) also reveals its573

component along the preferred (110) direction. However,574

the boundary of the paramagnetic phase (above TN1) to575

phase-III in all the three directions is weak compared to576

that of paramagnetic to phase-I revealing that phase-III577

consists of weak ferromagnetic behaviour due to canting578

of the spins along applied field.579

The small ordered moment in the ground state (only580

40% of each spin orders in zero field) indicates that the581

spins are either highly frustrated or highly one dimen-582

sional. If the former, strong frustration would imply a583

strong hyperkagome interaction J2 which would be in-584

compatible with the antiferromagnetic alignment in the585

chains and an incommensurate magnetic order might be586

expected in the ground state. However, the µSR and587

diffraction experiments rule out this possibility. Further-588

more, we find that only 10% of the magnetic entropy589

is released at the magnetic transition while the other590

90% is recovered below ≈ 40 K where one-dimensional591

magnetism is relevant, revealing that the J2 is weak and592

possibly its net effect is cancelled. Whereas in the latter593

case, the chain interaction J3 is strong and dominates the594

magnetic structure giving rise to the antiferromagnetic595

chain, while the weaker triangle interaction J1 which is596

compatible with this order, couples mutually perpendic-597

ular chains together into a 120◦ spin arrangement.598

This observation is clearly in contrast to the strong599

frustration observed in PbCuTe2O6 due to the hyper-600

hyperkagome interactions (where the J1 and J2 inter-601

actions are dominant, antiferromagnetic and of equal602

strength.) [12] despite the structural similarity. How-603

ever, some differences between these two compounds still604

remain in the form of bond angles responsible for the605

super-exchange pathways as proposed by Koteswararao606

et al. [16]. For instance the ratio of bond angles re-607

sponsible for J2 (Sr: 92.5◦, Pb: 97◦) and J3 (Sr:608

162.2◦, Pb: 156◦), J2−angle/J3−angle, is ≈ 9% higher in609

PbCuTe2O6 compared to SrCuTe2O6 . In addition, the610

extra lone-pair in PbCuTe2O6 might play a key role in611

the weaker chain interaction due to the hybridization of612

the Pb-O bonds, involved in the J3 superexchange path613

(O-Pb2-O), that may have extra strain effects as in fer-614

roelectric perovskite systems [30]. Confirmation of this615

needs a detailed investigation into the electronic band616

structure of both the systems, which is beyond the scope617

of this work.618

Koteswararao et al. [18] find magnetoelectric effects in619

the form of electric polarization at magnetic transitions620

in SrCuTe2O6 in an applied magnetic field manifesting621

a strong coupling between magnetism and lattice. The622

field-induced polarization also resulted in a similar phase623

diagram as that of the magnetic phase transitions ob-624

served in polycrystalline and crystalline (100) directions625

as a function of field. It would therefore not be surprising626

if antiferromagnetic order also influenced the structure627

so that structural changes occur at the transitions to the628

long-range magnetic order. These changes are likely to be629

much smaller in zero field such as symmetry allowed dis-630

placements which retain the nuclear space group. Hence,631

no visible changes were observed on the nuclear peaks in632

the powder diffraction patterns. However, heat capac-633

ity results in field (see fig. 5) reveal a sharper λ-anomaly634

above 3 T at TN1, consistent with the field induced elec-635

tric polarization. Therefore, investigation of magnetic636

structure of SrCuTe2O6 in an external field would give637

insight into the origin of the spin-lattice coupling.638

SUMMARY639

In summary, we have studied magnetic properties of640

SrCuTe2O6 in polycrystalline and single crystal samples641

and investigated the magnetic structure. The field-642

dependent phase diagram in single crystals reveals ad-643

ditional magnetic phases for the (110), (111) directions644

whereas the (100) direction replicates the phase diagram645

of the polycrystalline sample. We propose a magnetic646

structure of SrCuTe2O6 where, J1 acts as an inter-chain647

coupling to the AF chains formed by J3 leading to three648

dimensional magnetic ordering in the system below TN1.649

Note: As this paper was being finalized we be-650

came aware of a similar investigation of SrCuTe2O6 on651

Ref. [31]. While there are some differences in the tech-652

niques employed, the results of that paper are in broad653

agreement with this paper.654
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