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Nickel Deficiency in RENi2-xP2 (RE =La, Ce, Pr). Combined 


Crystallographic and Physical Property Studies 


Abstract 

Large single crystals from RENi2r-Y2 (RE = La, Ce, Pr) were synthesized from the 

pure elements using Sn as a metal flux, and their structures were established by X-ray 

crystallography. The title compounds were confirmed to crystallize in the body-centered 

tetragonal ThCr2Si2 structure type (space group 141mmm (No. 139); Pearson's symbol 

tIlO), but with a significant stoichiometry breadth with respect to the transition metal. 

Systematic synthetic work, coupled with accurate structure refinements indicated strong 

correlation between the degree of Ni-deficiency and the reaction conditions. For four 

different PrNi2_Y2 (x :s 0.5) samples, temperature dependent de magnetization 

measurements indicated typical local moment 4f-magnetism and a stable Pr3 
+ ground 

state. Field-dependent heat capacity data confirmed a ferromagnetic order at low 

temperature, and the variations of Tc with the concentration of Ni defects are discussed. 

LaNi2_Y2' as expected was found to be Pauli-like paramagnetic in the studied temperature 

regime, while the Ce-analog CeNi2_Y2 (x = 0.28(1» showed the characteristics of a mixed 

valent Ce3 
+ICe4

+ system with a possible Kondo temperature on the order of 230 K. 

Keywords: PrNi2P2, CeNi2P2 , crystal structure, single-crystal X-ray diffraction, 

structural disorder. 
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1. Introduction 

Ternary intermetallics with the general formula RM.)(2' where R stands for the 

alkaline-earth and rare-earth metals, M is a transition metal and X denotes an early p­

block element (groups 13-15), are ubiquitous and frequently investigated [1-30]. Among 

these, the most commonly encountered structures are the body-centered tetragonal 

ThCr2Si2 (Pearson's symbol tllO, three-dimensional framework) and the layered trigonal 

CaAl2Si2 (Pearson's symbol hP5). Both structures are relatively simple and are described 

by three crystallographic ally unique sites occupied by the three prototypical elements. 

Previous theoretical considerations based on the density functional theory (DFf) and the 

extended Huckel method [5-10] have brought clear understanding of the atomic site 

preferences, as well as the similarities and the differences between the geometric and 

electronic requirements in both cases. The two structure types are widely known as very 

robust and typically present excellent candidates for tuning of particular property of 

interest by rational substitutions on specific sites (via changes of the electron count, 

electronegativity and size of the constituent elements). Examples of this approach 

abound [2,18-25], including several case studies from our laboratory [26-30]. 

As part of our continuing efforts to better understand the structure-property 

relationships in Zintl phases and intermetallics, we turned our attention to the chemical 

bonding and physical properties of various RxT.;>nz ternary compounds, where Pn = 

pnicogen, i.e., group 15 element. These investigations were inspired by the very recent 

discovery of superconductivity in doped BaFe2As2 (long known compound with the 

ThCr2Si2 type) [22-25] and in a range of oxi-pnictides with the related ZrCuSiAs type 

[31]. Although, as noted above, a considerable amount of work on ternary pnictides has 
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already been done, gaps and inconsistencies in the literature are plentiful. For example, 

the existence of the RENi2P2 (RE = La, Ce, Pr) compounds was first reported in 1980 by 

Jeitschko et al. [32]. They were initially recognized from their X-ray powder diffraction 

patterns only, but in 1984 [33], the structures of RENi2P2 (RE = La and Ce) were 

established by single-crystal work. Despite the high-quality crystallography, a basic 

question regarding the structure remained open in the latter study, namely - the nature of 

the "small deviations, about 5% from full occupancy of the Ni and P positions" [33]. The 

authors state that even though the "refined with partial occupancy positions are highly 

significant from the standpoint of error analysis, it is, however, difficult to assess the 

physical meaning of this result", and that "the ideal formulas LaNi2P2 and CeNi2P2 are 

well within the homogeneity ranges of the compounds". The herein presented results 

address this issue and provide a possible explanation as to why non-stoichiometry among 

the late transition-metal pnictides with the ThCr2Si2 structure is inherent and more 

widespread than commonly recognized. Our syntheses and structure refinements, 

together with the property measurements, suggest a wide phase width in RENi2_J'2 (RE = 

La, Ce, Pr), which is strongly dependent on the reaction conditions. These findings 

underscore the importance of the careful synthetic and structural work, regardless of the 

apparent simplicity of the targeted phases. 

2. Experimental 

2.1 Synthesis 

Handling of the starting materials (pure La, Ce and Pr from Ames Laboratory, Ni 

and red P from Alfa, used as received) was carried out inside an argon-filled glove box or 

under vacuum. In a typical experiment, a mixture of the elements with the desired 
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stoichiometric ratio (total weight ca. 500 mg) was loaded in a 2 cm3 alumina crucible, 

which was then topped off with 2-2.5 grams Sn (Alfa, shots). This ensures 10-15 fold 

excess of Sn (with respect to the rare-earth metal) as a flux. The crucible was 

subsequently enclosed and flame-sealed in an evacuated fused silica ampoule. The 

mixture was heated in a programmable muffle-furnace from to temperatures 1173-1473 

K at rate of 50 to 2000Ib, allowed to homogenize for 4-8 h, followed by a slow cooling to 

873 K at rates of 3 to 50lb. The flux was subsequently removed by centrifugation; further 

details on the procedure can be found elsewhere [34]. 

Several synthetic details of specific importance to the reaction outcome and 

ultimately, the physical properties, need to be explicitly mentioned here: 

1) Reactions with nominal composition RE : Ni : P = 1 : 2 : 2 carried out at lower 

temperatures (1173-1273 K) yielded RENi2_.?2 (RE = La, Ce, Pr) with a modest 

concentration of Ni defects (X"" 0). The crystals obtained by such reactions were usually 

very small and often inapt for single-crystal X-ray diffraction studies. 

2) Reactions with the same nominal composition, but run at higher temperature 

(1473 K), yielded RENiz_.?2 (RE =La, Ce, Pr) with a higher degree of non-stoichiometry 

(x"", 0.25). The outcomes of such reactions tended to be larger, plate-like single-crystals, 

together with small amounts of binary side products NizP, NiP2 , Ni3Sn4 , Sn3P4 , etc. [1]. 

3) Reactions with nominal composition RE : Ni : P = 1 : 1 : 2, practically 

independent of the reaction temperature, afforded the most heavily Ni deficient RENi2_.?2 

(RE =La, Ce, Pr) products. In these cases, higher reaction temperatures seemed to afford 

the largest concentration of Ni defects, as evidenced for PrNi2_'?2 (x = 0.53(1», discussed 

Qelow. The representative products of such reactions were plate-like crystals of the title 
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compounds (major phase), often heavily agglomerated, and polycrystalline mixtures of 

various binary phases. 

4) Reactions with nominal composition RE : Ni : P = 1 : 2 : 2, where Ni was cut 

from a large rod and not finely divided into smaller pieces yielded RENi2_..P2 (RE = La, 

Ce, Pr) with higher degree of non-stoichiometry. Such observation is not difficult to 

comprehend - the nucleation and crystal growth strongly depend on the concentration, 

and apparently, the solubility of Ni in the molten Sn correlates with the particle size. 

5) The single-crystals of RENiz_..P2 (RE == La, Ce, Pr) are stable in air and diluted 

solutions of HCI (used to etch and clean the surfaces prior to property measurements) and 

do not appear to loose their metallic luster over long periods of time. 

22 Crystallographic Studies 

X-ray powder diffraction patterns were taken at room temperature on a Rigaku 

MiniFlex powder diffractometer using monochromatized Cu Ka. radiation. Samples were 

prepared by grinding crystals of RENiz_..P2 (RE La, Ce, Pr) to fine powders, and adding 

a little bit of elemental Si as an internal standard. Data were acquired in 8-8 scan modes 

with steps of 0.05° and rates of 3-5 sec/step. The data analysis was carried out using the 

JADE 6.5 package [35]. The positions of the peaks and their relative intensities matched 

well with those calculated from the single-crystal work. The least-squares refined unit 

cell parameters for all analyzed samples are provided in Table 1. 

Single-crystal X-:ray diffraction data were collected using a Bruker SMART 

CCD-based diffractometer (3-cirlce goniometer, Mo Ka source). All data collections 

were carried at 120 K in batch runs at different (0 and <j> angles. Suitable crystals from the 

synthesized were selected under a microscope and cut to ca. 0.05-0.07 mm in all 
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dimensions. Many crystals were tried and checked for singularity before picking the best 

ones. The typical data-collection involved O.5°-scans in (0 with 10-15 seconds/frame 

exposure and was carried out using the SMART software [36]. Data integration and 

global unit cell refinement were done using SAINT, respectively [36]. SADABS was 

used for semi-empirical absorption correction based on equivalents [37]. 

In all worked cases, inspections of the systematic absence conditions confirmed 

the tetragonal body-centered Bravias class, suggesting the ThCrzSi2 type with space 

group 14/mmm (No. 139) [1] as the most likely choice as a model. The structure was 

subsequently refined to convergence by full matrix least-squares methods on F2 using 

SHELXL [38]. Site occupation factors were checked by freeing the site occupancy factor 

of an individual site, while the remaining occupation parameters were kept fixed. This 

resulted in no statistically significant deviations from unity for the rare-earth metal and 

the phosphorous sites, but the Ni sites were consistently underoccupied, in some case by 

more than 25%. Such findings are consistent with earlier work on isotypic nickel 

phosphides such as UNiz_..P2 [16] and CaNiz_..P2 [39], and confirmed by the EDX analysis 

and the variations of the unit cell constants (Table 1). Attempts to possibly resolve the 

disorder by finding larger translation periods and/or lower symmetry groups (e.g. 14m2) 

were unsuccessful. Further details of the data collection and structure refinements 

parameters for all four data sets are given in Table 2. In the final refinement cycles, the 

three atomic positions were refined with anisotropic displacement parameters and freed 

occupancy for the Ni site. Final positional and equivalent isotropic displacement 

parameters and important bond distances are listed in Tables 3 and 4, respectively. 

Additional information in the form of ClF has been deposited with Fachinformationszen-
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trum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany, (fax: (49) 7247-808-666; e­

mail: crysdata@fiz.karlsruhe.de) depository numbers CSD 420100 (LaNi1.7o(l)P2); CSD 

420101 (CeNil.72(1)P2); CSD 420102 (PrNiI.89(112); and CSD 420103 (prNi1.47(112)' 

2.3 EDX Analysis 

To corroborate the structure refinements, particularly for the PrNi1.47(1)P2, where 

the Ni-deficiency is most pronounced, single crystals from the same batch were subjected 

to elemental micro-analysis. For the purpose, several plate-like crystals with clean 

surfaces were mounted onto carbon tape and brought inside the vacuum chamber of a 

Jeol 7400 F electron microscope. The instrument was equipped with an INCA-Oxford 

energy-dispersive spectrometer and was operated at 10 !JA beam current at 15 kV 

accelerating potential. Many spots on the crystals' surface were analyzed, giving a ratio 

of Pr: Ni : P = 1 : 1.36 : 2.25 (atomic %, averaged from more than 10 data points). This 

ratio confirms the deviation from the ideal stoichiometry and agrees well (within the error 

of the method) with the composition refined from the single-crystal X-ray diffraction data 

(Table 2). The analysis did not detect any other elements, besides traces of Sn (flux). 

2.4 Property Measurements 

Field-cooled de magnetization measurements were performed in a Quantum 

Design MPMS-2 SQUID from 5 to 300 K in an applied magnetic field of 500 Oe. The 

samples (typically 10-20 mg) were secured in wax-paper, wrapped with a Kapton tape. 

Raw data were corrected for diamagnetic contribution from the holder and converted to 

molar magnetic susceptibility (units of emu/mol). Zero field-cooled measurements were 

performed from 5 to 50 K in an applied magnetic field of 100 Oe. All measurements 

were repeated for specimens from the same batch in order to ensure reproducibility. 
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Specific heat Cp(1) data were obtained using the thermal relaxation method on a 

custom-designed system in the temperature range 1.8 - 100 K. Data were gathered 

without an external magnetic field and in applied fields of 30 kOe and 90 kOe. 

3. Results and Discussion 

3.1 Structure and Bonding 

Formerly known as the line compounds RENi2P2 [32,33], and reformulated herein 

as the Ni-deficient RENi2_..P2 (RE =La, Ce, Pr), crystallize with the ThCr2Si2 structure, a 

ternary variant of the BaAl4 type - one of the most popular structure types among 

intermetallics [1]. Since this atomic arrangement is not without a precedent, only a brief· 

account of the structure will be given here. For a more detailed description, we refer the 

reader to several comprehensive treatises on the BaAl4 structure and its variants [2-10]. 

In the following discussions on the chemical bonding and electronic structure, results 

from previous investigations on the fully-stoichiometric RENi2P2 [5-10,32,33] will be 

used and further developed. 

In the structure of RENi2_..P2' the La, Ce, and Pr cations (Wyckoff site 2a) are in a 

body-centered tetragonal arrangement (Figure 1), with separation between them equal to 

the a-cell constant. The Ni atoms (Wyckoff site 4d, commonly referred to as a basal 

position) form square nets, which are capped from both sides in an alternating fashion by 

P (Wyckoff site 4e, the apical position). This bonding pattern results in two-dimensional 

slabs, in which, each Ni atom is nearly tetrahedrally coordinated by four P atoms, and 

each P atom is connected to four basal Ni's in a square pyramidal fashion, as depicted on 

Figure 1. The P atoms from adjacent layers are close together at P-P distances ranging 

from 2.31 to 2.43 A, which strongly correlates with the degree of Ni-deficiency and the 
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size of the lanthanide metal (Table 4). Along these lines, another important observation, 

which deserves a special mention here is the fact that higher concentration of vacant Ni 

sites apparently "disturbs" the equilibrium position of the rare-earth metal, residing at the 

center of a 18-vertex Fedorov polyhedron. This is clearly represented in Figure 1, where 

the structures of PrNi1.89(lf2 and PrNi1.47(l)P2 are represented side-by-side with anisotropic 

displacement parameters (ADP) - the elongation along the [001] direction of the ADP of 

the Pr atom in PrNi1.47(1)P2' compared to the normal ADP of the Pr atom in PrNi1.89(l)P2 is 

immediately seen. Notice that this happens regardless of the largely uniaxial cell 

contraction (c-axis decreases by about 2.5 %) caused by the Ni-defects. A simplistic 

geometric reasoning might explain this, taking into account the need for effective space-

filling and the fact that 2 out of 8 next-nearest Ni atoms are missing. 

The P-P distances in all four refined structures are within the range or slightly 

longer than the expected for a single-bonded pair, while the Ni-Ni contacts are on the 

order of 2.80 A (Table 4), much longer than the Ni-Ni distances in elemental Ni, 2.49 A 

[1]. This is consistent with the previously developed bonding picture for this structure 

[5-10], which can be rationalized in terms of multi-center five-center six-electron bonds 

within the layers and two-center two-electron bonds bridging them along the c-axis of the 

tetragonal unit cell. We draw attention to the fact that these contacts between two layers 

are a variable geometrical factor (expressed in the cia ratio) and show a remarkable 

tuneability - as discussed by Mewis [39], the series CaT2P2 for T = Fe, Co, Ni, Cu shows 
...~ 

that the interY.@yer P-P decreases from 2.71 A to 2.25 A as the transition metal moves to 

the right-hand side in the Periodic Table. Taking this into account, state-of the art band 

structure calculations by Zheng and Hoffmann [5] for a wide range of T;J(2 frameworks 

Bobev et al . .Lanthanide Nickel Phosphides ... 10 

mailto:interY.@yer


clearly indicate an electronic effect at play here the polyanionic sub-structure has an 

optimal count of 14 valence electrons per formula (N.B. only sand p electrons are 

considered here), and as d-bands get progressively filled on moving from left to right and 

their energy gets lowered, 0*p_p states are depopulated and the P-P separation, 

consequently, shortened [5]. More recent DFT studies confirm the earlier interpretation 

by the Hiickel method, and suggest that filling the p-p a-bonding states at the top of the 

metal d-band should also be accompanied by a weakening of the intralayer Ni-P 

interactions, since electrons will also fill the d-p a* band [9]. This is exactly what we 

report in Table 1 - as the Ni-deficiency increases, intralayer bonding weakens (a 

increases) and the interlayer bonding strengthens (c decreases). 

All of the above is well-known, therefore, it is surprising why the formation of 

Ni-defects in the discussed rare-earth metal nickel-phosphides has remained an overcast 

issue for such a long time. Defects at transition metals sites are recognized in a number 

of isotypic phases with late d-metals such as CaNi2_xP2 [39], CaCU2-~2 [39], SrCU2_~2 

[39], ONi2_~2 [16], CePd2_xAs2 [40], and a whole series of lanthanide-based RENi2_xSb2, 

[41], to name just a few. Such non-stoichiometry can be explained qualitatively through 

bonding considerations, noting that lower nickel, palladium or copper content would 

probably be favored since the fully stoichiometric RT)(2 phases would have extra valence 

electrons [42]. Thus, missing Ni atoms can be viewed as a result of the overall drive to 

optimize the P-P and Ni-P interactions in the structure - reduced nickel content will not 

change much the population of the P-P bonding states, however, it will significantly 

reduce the popUlation of the Ni-P anti-bonding states [43]. Such deficiency on the 

transition metal sites is also common in the related ZrCuSiz type intermetallics [1], with 
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the series CeT1_xSb2 (T = Ni, Cu, Pd, Ag, Cd) (44-46] and UT1_xSb2 compounds (T = Fe, 

Co, Ni, Cu, Ru, Pd, Ag and Au) [47-49] being just a few of the many examples. 

3.2 Properties 

Plots of the temperature dependence of the magnetic susceptibility (X =M/H) of 

four differently synthesized PrNi2_~2 samples are displayed in Figure 2; the heat capacity 

of PrNil.47(l?2 is shown in Figure 3. As evident from the presented x(D data, the 

magnetic susceptibility increase markedly below ca. 30 K reaching values of ca. 6-8 

emu/mol for PrNi195P2and PrNi1.89(l)P2' As the concentration of Ni-defects increases, the 

maximum susceptibility decreases to about 0.7 emu/mol for PrNi1.8oP2' while for 

PrNi1.47(1)P2' it reaches an order of magnitude lower value of 0.08 emu/mol- the lowest of 

the four specimens. Above 50 K, the magnetic behavior follows the Curie-Weiss law X = 

C/(T - ecw) [50], where C =NA!Juef/13kB is the Curie constant and ecw is the paramagnetic 

Weiss temperature. From the linear fits of the inverse susceptibility (a typical plot is 

presented in Figure 3 inset), the effective paramagnetic moments (!Jucff) were calculated 

and tabulated in Table 5. The values in all four cases are consistent with the magnetic 

behavior expected for trivalent Pr - the free-ion effective moment for Pr3 
+ according to 

the Hund's rules is 3.58 !JuB [50]. 

An inspection of the low temperature magnetization curves for the PrNi2_~2 

samples, measured at very weak applied fields provides evidence for complex behavior. 

Field and zero-field measurements reveal differences in the magnetic susceptibility, 

which are indicative of the onset of long-range ferromagnetic order (in the case of 

PrNi1.47(1)P2' possibly ferrimagnetic see below). The corresponding Curie temperatures, 

determined from the mid-point in the jump in d:xlclf, show that the transition temperature 
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increases with increased Ni-defects. Such variations are not surprising, given that the 

magnetic order in intermetallics with the ThCr2Si2 type is known to be very sensitive to 

the cia ratio [2]. In very simplistic terms, one might consider it as an artefact of the 

number of electrons in conduction bands. If this reasoning holds true for the discussed 

PrNi2_.P2 samples, the apparent trend is that higher Ni-deficiency leads to more oxidized 

samples (Table 1 - cia ratio decreases), thereby, higher Curie temperatures. We also note 

the fact that susceptibility maximum values change about lOO-fold on going from nearly 

stoichiometric PrNi1.9sP2 to a defect-rich PrNi1.47(l}P2, which might suggest the proximity 

of a (chemical) pressure induced phase transition. Our crystallographic data do not 

provide an evidence for it, nevertheless, we cannot completely rule out the interplay of 

locally inequivalent Pr sites and crystalline field (CEF) effects as the origin for this 

behavior. Another experimental fact that highlights the enlarged importance of CEF 

effects in more Ni-deficient samples is the slight convex curvature of the x-leT) 

dependence, shown in Figure 3, and the resultant slightly negative Weiss constant E>cw. 

To further study and confmn the nature of the long-range-ordered magnetic 

ground state of PrNi1.47(1)P2' heat-capacity measurements were carried out in fields up to 

90 kOe. The specific heat C(1) is shown in Figure 3, plotted as CIT vs T. An anomaly 

corresponding to the magnetic transition is clearly seen at Tc Z 18 K. As displayed, the 

anomaly moves up in temperature with increasing field (Tc Z 27 K at H = 30 kOe) and 

broadens considerably, consistent with ferrolferrimagnetic order. With the applied field 

further increased to 90 kOe, the peak broadens and eventually disappears. A nuclear 

Schottky anomaly due to the -pil+ ions is observed at the lowest temperatures, making 

estimates of the electronic and phonon contributions to the specific heat difficult. 
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The magnetizations of two different LaNi2_J>2 samples (x;::: 0.3) were measured at 

an applied field of 100 Oe. The data (not shown) indicate very weak and virtually 

temperature-independent paramagnetism, consistent with the Pauli-like behavior 

expected for La3 
+ (closed-shell). There was no superconducting transition down to 5 K. 

Plots of the magnetic susceptibility and the inverse susceptibility of CeNil.72(1)P2 

as a function of the temperature are displayed in Figure 4. From the x(D and X-leD 

dependence, it is clear that the magnetic susceptibility does not follow the Curie-Weiss 

law. Similar findings were mentioned by leitschko and Reehuis for a reportedly 

stoichiometric CeNizP2 [51]. To verify the lack of a typical Ce3 
+ local-moment 

magnetism in this case, another batch, likely having much less Ni-defects (Table 1) was 

also measured. The data (not shown) revealed similar behavior in the high-temperature 

regime and a possible antiferromagnetic ordering transition around 10 K. The latter 

could not be established reliably due to a small amount impurity phase in the 

polycrystalline specimen. Nonetheless, both data sets exhibit the characteristics of a 

mixed valent Ce3+/Ce4+ system, one having a possible Kondo temperature on the order of 

230 K. Currently, attempts to grow larger single crystals of more Ni-deficient CeNi2_J>2 

samples and studying their properties are under way. 

4. Conclusions 

With the present work, the previously known as the line compounds RENi2P2 (RE 

== La, Ce, Pr) was reexamined. Based on structure refinements and data from property 

measurements, the title compounds were thereby reformulated as non-stoichiometric, Ni­

deficient RENi2-J>2 phases, whose structure accommodates a wide range of defects on the 

transition metal site. This study also proved a strong dependence of the between the 
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phase width on the reaction temperatures. The small changes in the Ni-underoccupancy 

were shown to ultimately affect the magnetism of the synthesized materials, emphasizing 

once again the importance of the diligence and care in synthesis and structural 

characterization for understanding the properties of a given materiaL 
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Figure Captions 

Figure 1. Representations of the body-centered tetragonal structure of PrNi1.89(ll2 and 

PrNil.47(ll2 (ThCr2Si2 type), viewed approximately along the [100] direction. The Ni-P 

polyanionic framework is emphasized; non-bonding Ni-Ni interactions are shown with 

open bonds. Anisotropic displacement parameters are drawn at the 95% probability 

level: Pr atoms are shown with full thermal ellipsoids, Ni atoms are represented with 

crossed ellipsoids and the P atoms are depicted with open circles. Unit cell is outlined. 

Online color: Pr - blue, Ni - green, P - red. 

Figure 2. Main panels: zero field-cooled magnetic susceptibility (X) versus temperature 

of four different PrNi2_xP2 samples. Data are gathered at 500 Oe and normalized per mol. 

The inset shows magnified views at low temperature of the field (red) and zero field­

cooled (blue) magnetic susceptibility (x) versus temperature. Data in this case are 

gathered at 100 Oe. Italicized formulas represent refined compositions; the remaining 

ones are estimated from cell volume interpolations - see Table 1. 

Figure 3. Main panel: Specific heat of PrNi1.47(1)P2 versus temperature without an applied 

field and at fields of 30 kOe and 9 kOe, respectively. Data are represented in the form 

Cp(T)/T to clearly show the anomalies due to the magnetic ordering transitions. The inset 

shows the temperature dependence of the inverse magnetic susceptibility with Tc 

indicated by an arrow. 

Figure 4. Main panel: zero field-cooled magnetic susceptibility (X) versus temperature 

of two different CeNi2_~2 (x = 0.28(1». Data are gathered at 500 Oe and normalized per 

mol. The inset shows the inverse magnetic susceptibility as a function temperature and 

the line is a fit of a Curie-Weiss law to the data. 
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