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Abstract 

A new method for preparing thin films of ternary transition metal phosphides has been 

developed. The ferromagnetic compound Fe3P has been doped with cobalt and tellurium by 

decomposing H2Fe3(CO)9P
t
Bu with Co3(CO)9P

t
Bu, or H2Fe3(CO)9Te via Metal-Organic 

Chemical Vapor Deposition (MOCVD) onto a quartz substrate. Solid mixtures of the 

organometallic clusters were vaporized and decomposed at 350 ºC to produce films that were 

subsequently annealed under vacuum at 650 ºC for 24 hours to afford crystalline films of (Fe1-

xCox)3P (0.09<x<0.22) and Fe3(P1-xTex) (0.04<x<0.42). The films exhibit phase purity as 

confirmed by powder X-ray diffraction and X-ray photoelectron spectroscopy, which also 

confirmed the homogeneity of the films. Increasing the amount of doped elements were tracked 

by changes in the unit cell constants and elemental ratios by ICP-OES analysis. Field-dependent 

magnetization measurements showed magnetic hysteresis with similar magnetic saturation 

values for each doped material. Thermogravimetric analysis was used to compare the Curie 

temperatures (Tc) of pristine Fe3P (thin film) and the doped films; Co-doping was found to lower 

the Tc by up to 7 °C and Te-doping had no observable effect on the Tc. 



Introduction 

Research in transition-metal phosphide materials has burgeoned in recent years with 

reports of robust catalytic activity,
1–8

 magnetic properties,
9–11

 and energy storage capacity.
12–14

 

The similarity of their binary solid crystal structures gives the flexibility of designing materials 

by introducing a third element.
15–17 

The magnetic properties of the system (Fe1-xMx)3P have 

previously been manipulated by varying the dopant M (M = Mn, Co, Cr, and Ni) by conventional 

solid state synthesis.
11,18–20

 However, the formation of these compounds in a single, pure phase 

remains challenging.  

In recent years, our group has developed a clean route to such compounds as phase-pure 

materials through the use of molecular precursors. Phase pure Fe2P and Fe2-xMnxP nanorods 

were grown by solution-based decomposition of single-source organometallic precursors.
21,22

 In 

the case of Fe2-xMnxP nanorods, the desired elemental composition was determined by that of the 

molecular precursor, FeMn(CO)8(μ-PH2). Others have found Fe(CO)4PH3 and [(CO)4Cr(μ-

PH2)]2 decompose in surfactant media to yield single phases of FeP and CrP respectively.
23,24

 In 

addition to nanoparticle synthesis, similar organometallic compounds were used to synthesize 

phase pure thin films of Fe3P by Metal-Organic Chemical Vapor Deposition (MOCVD).
25 The 

synthesis of metal-phosphides under vacuum by MOCVD allows for more mild reaction 

conditions and the ability to deposit thin films on any substrate. 

An alternative route to ternary phases is to co-decompose multiple organometallic 

precursors that possess similar geometries, solubilities and/or volatilities, which allows for a 

much wider range of achievable compositions. Jin et al. combined Fe(CO)4(SiCl3)2 and 

Co(CO)4SiCl3 to form a homogenous liquid, which was used as an MOCVD feedstock to 

produce Fe1-xCoxSi nanowires.
26,27

 Doping can have large impacts on the properties of the metal 

pnictides.
28,29

 Previous studies show that the Curie temperature of the Fe3P system can be 

reduced by up to 500 K by replacement of the Fe with different transition metals.
20

 In the current 

work, two systems were chosen to demonstrate the molecular doping strategy: the well-studied 

(Fe1-xCox)3P spanning a range of precursor ratios,
19

 and the Fe3(P1-xTex) system to see if the 

molecular doping route could introduce tellurium to a metastable environment in several ratios. 

As previously demonstrated, the molecular precursor H2Fe3(CO)9P
t
Bu (I, Figure 1) 

decomposes into phase pure, crystalline Fe3P by MOCVD.
30

 As a precursor with a nominal Co3P 



heavy element stoichiometry, Co3(CO)9P
t
Bu (II, Figure 1) was selected to dope Co into the Fe3P 

system.
31

 As a precursor with a nominal Fe3Te heavy element stoichiometry, H2Fe3(CO)9Te (III, 

Figure 1) was selected to dope Te into the Fe3P system.
32

 Individually, clusters II and III might 

not be expected to yield Co3P and Fe3Te materials upon decomposition as neither phase is 

known to be stable. However, as a mixture with compound I as the main constituent, 

decomposition favors the formation of the Fe3P-type lattice. 

In parallel with the target phase, each dopant cluster has a 3:1 metal to main group 

element ratio ensuring the metal or main group element is not lost or allowed to form 

inhomogeneities upon decomposition. Both of the dopant clusters are isostructural with I and 

have similar solubilities and volatilities, which allow for intimate mixing and uniform elemental 

distribution in the decomposition product. Cluster III is isoelectronic, while cluster II is a known 

exception to the cluster electron counting rules, being paramagnetic and possessing an extra 

electron as compared to the electron precise I. 

Thin films of (Fe1-xCox)3P (0.09<x<0.22) and Fe3(P1-xTex) (0.04<x<0.42) were deposited 

by MOCVD co-decomposition of blend ranges I1-xIIx (0.1<x<0.185) and I1-xIIIx (0.05<x<0.49), 

respectively. The phase purity and elemental composition of each film was confirmed via 

powder X-ray diffraction (PXRD), X-ray photoelectron spectroscopy (XPS), and inductively 

coupled plasma optical emission spectroscopy (ICP-OES). The changes in the magnetic 

properties of the doped Fe3P thin films were studied via thermal gravimetric analysis (TGA) and 

magnetic property measurement system (MPMS).   

 

 

Figure 1: Metal Carbonyl Clusters used as Molecular Precursors 

  



Experimental 

Preparation of precursors 

The precursors [H2Fe3P
t
Bu(CO)9 (I)], [Co3P

t
Bu(CO)9 (II)] and [H2Fe3Te(CO)9 (III)] were 

prepared according to previously reported procedures.
31–33

 All precursors and thin films were 

stored under dry nitrogen to prevent oxidation. Tetrahydrofuran was dried (Pure Process 

Technology solvent purification system) and degassed (freeze, pump, thaw) before use. 

Homogeneous solid mixtures (blends) were made by weighing each single-source precursor 

under an inert atmosphere and combining in a Schlenk flask. The heterogeneous mixture was 

then dissolved in THF until homogeneous and the solvent was removed in vacuo. The molar 

ratios of the doped element to Fe3P in the homogeneous blends and that of the subsequent thin 

films are shown in Table 1. 

 

General Preparation of Precursor Blend  

Organometallic precursors were combined in a glove box according to the amounts listed in 

Table 1. Degassed tetrahydrofuran (25 mL) was added and the solution stirred under an inert 

atmosphere until homogeneous. The solvent was removed in vacuo to yield an eggplant colored 

solid, which was transferred to the MOCVD for decomposition (vide infra) to yield the doped 

materials. 

Table 1. Molar ratio of doped element to Fe3P compared to that used in the precursor blend 

 

  

I II Co Fe Co Fe

0.18 0.02 1 9 1 10

0.21 0.03 1 7 1 7

0.26 0.06 1 4 1 3.5

I III Te P Te P

0.19 0.01 1 9 1 25

0.14 0.06 1 4 1 4.5

0.11 0.11 1 1 1 1.4

Mass (g) Blend Ratio (mol) Thin Film Ratio (mol)



Preparation of thin films 

Quartz microscope slides were cut and mounted onto a stainless steel heating stage using silver 

paste. A modified version of the MOCVD apparatus used to manufacture thin films of phase-

pure Fe3P was used to deposit and anneal doped films (Figure 2).
30

 Two improvements were the 

exchange of the borosilicate glass for quartz glass and a Kalrez O-ring at the joint for high 

temperatures. After the apparatus was loaded with the hot stage, a blend of precursors, and 

assembled in a glovebox, it was connected to a vacuum line. During the evacuation of the 

apparatus (8×10
-6

 Torr), the last two centimeters of Zone 2 were immersed in a liquid nitrogen 

bath. After Zone 1 was kept at 400 ºC for 1 hour, Zone 2 was brought to 125 ºC for 30 minutes. 

After the blend had disappeared and the substrate coated with the metallic film, Zone 1 was 

brought to 650 ºC for 24 hours for annealing.  

 

 

Figure 2. Schematic of quartz-walled MOCVD apparatus used to deposit doped thin films of 

Fe3P. 

 

Composition of the films 

A Perkin Elmer ICP-OES with an internal yttrium standard was used for elemental 

analysis of the thin films to give percent composition of Fe, Co, P and Te. The films were 

digested in nitric acid in a sonication bath for 24 hours before analysis. Amounts of Fe, Co, P 

and Te were measured by spectral emission lines at 234.349, 228.616, 214.914 and 238.578 nm 

respectively. All of the elements were analyzed by axial viewing. 

XPS measurements were made using a Physical Electronics PHI Quantera SXM 

instrument with a monochromatic aluminum Kα source operated at 40.7 W with a beam size of 

200µm and a take-off angle of 45º. The films were sputtered with a 3 keV Ar
+
 beam for 10 

minutes before analyzing with a band pass of 26 eV to accurately determine Fe 2p3/2, P 2p and 



Te 3d5 binding energies. The Co 2p3/2 binding energy falls within the iron auger lines and could 

not be measured quantitatively. 

 

X-ray Diffraction Analysis 

All of the X-ray diffraction (XRD) results were collected for the thin films deposited on the 

quartz slide with a Rigaku Ultima II vertical θ-θ powder diffractometer using Cu Kα radiation 

with Bragg-Brentano para-focusing optics. The lattice constants were obtained from the 

refinements by GSAS software.
34,35

 The tetragonal space group I4̅, lattice constants and atomic 

coordinates of the parent compound Fe3P were used as the starting points for the refinements.
36

 

The final lattice constants are shown in Table 2.  

 

Magnetic measurements and Curie temperature 

Magnetic measurements were carried out using a Quantum Design Magnetic Property 

Measurement System (MPMS) on the materials peeled off of the quartz walls of the MOCVD 

apparatus and the quartz slides. Then, they were packed with TaegaSeal PTFE Tape in the 

measurement straw holder and the diamagnetic contribution due to the tape subtracted in all 

results. 

 

Because the Curie temperatures of the materials are higher than the maximum 

temperature of MPMS, a Simultaneous DSC/TGA (SDT Q600) manufactured by TA instrument 

was employed. Taking advantage of the thermogravimetric analysis (TGA) function and intrinsic 

magnetic properties of the materials, five discs of neodymium magnets were placed on top of the 

instrument, reducing the measurable weight of the materials at room temperature. Upon ramping 

the temperature past the Curie temperature a sharp increment of the weight was observed due to 

the loss of magnetic attraction between the materials and magnets.
37

 The Curie temperatures 

were determined by finding the maximum of the temperature derivative of measured weight. 

  



Results & Discussion 

Powders of the molecular precursors Co3(CO)9P
t
Bu (II) or H2Fe3(CO)9Te (III) were 

combined with compound H2Fe3(CO)9P
t
Bu (I) by dissolving the combinations in THF until 

homogeneous then removing the solvent in vacuo to afford a homogeneous solid. The three 

different blends of I with II (9:1, 7:1 and 4.4:1) and III (21:1, 2.7:1 and 1:1) were prepared. 

These solid mixtures of single-source precursors were loaded into a quartz-walled MOCVD 

apparatus along with a stainless steel stage covered in quartz microscope slides. After the stage 

was preheated for one hour under vacuum, the precursors were heated and a shiny, metallic film 

deposited on both the walls of the MOCVD apparatus and the quartz slides on the hot stage. The 

region containing the stage was then annealed to produce crystalline thin films of (Fe1-xCox)3P 

(0.09<x<0.22) and Fe3(P1-xTex) (0.04<x<0.42). 

 The thin films were digested in trace metal grade nitric acid for ICP-OES analysis in 

order to determine the relative ratios of Fe, Co, Te and P. Although smaller amounts of the doped 

elements were found in the films than the amount in each blend, the values were all close to the 

expected value. 

The Co-doped thin films were studied by XPS and the spectra for cobalt, iron and 

phosphorus are shown in Figure 3. The films were sputtered with Ar
+
 for 2 minutes before 

measurements to remove the oxide layer that had formed on the surface. The spectrum for Fe 

consists of a single peak at 707 eV corresponding to the Fe 2p3/2 binding energy for metal 

phosphides.
38

 The spectrum for phosphorus consists of two peaks at 129.5 and 130.5 eV 

corresponding to the phosphorus 2p and 2p1/2 binding energies. The spectrum for Co is hidden 

behind the Fe auger line, but in samples with larger amounts of a Co shoulder at 779 eV 

corresponding to the Co 2p3/2 binding energy can be observed. Because of this overlap, 

quantitative amounts of Co could not be determined via XPS. The binding energies found for 

each of the elements are in range of the zero oxidation state energies corresponding to metal 

phosphide materials.
38

 A depth profile in a separate area was performed on the (Fe1-xCox)3P thin 

film in such that the elemental composition was measured after 5 minute intervals of sputtering 

with Ar
+
 (Figure 4). The percent composition of each element was uniform through the depth of 

the film and their relative ratios match the ICP-OES values of Fe3P doped with Co. There was a 

small amount of oxygen with a binding energy of 531 eV corresponding to less than 2% of the 



composition throughout the film. Sputtering was continued until the Fe and P dropped to zero 

and O increased to 100%, corresponding to the quartz substrate. 

 

Figure 3. XPS spectrum for (Fe1-xCox)3P (x = 0.09) showing low valent Fe (707 eV) and P (129 

eV) (B and C respectively). Low valent Co (779 eV) is present on the shoulder of an Fe Auger 

line (A). 

 

Figure 4. A representative XPS depth profile for (Fe1-xCox)3P thin film showing homogeneity (x 

= 0.09). 



The Te-doped thin films were studied by XPS and the spectra for Fe, Te, and P are shown 

in Figure 5. The films were sputtered with Ar
+
 for 2 minutes before measurements to remove the 

oxide layer that had formed on the surface. The spectrum for Fe consists of a single peak at 707 

eV corresponding to the Fe 2p3/2 binding energy for metal phosphides. The spectrum for Te 

consists of two peaks at 573 and 584 eV corresponding to the 3d5/2 and 3d3/2 binding energies. 

The spectrum for P consists of two peaks at 129.5 and 130.5 eV corresponding to the P 2p and 

2p1/2 binding energies. The binding energies found for each of the elements are in range of the 

zero oxidation state binding energies corresponding to metal phosphide materials.
38

 A depth 

profile in a separate area was performed on the Fe3(P1-xTex) thin film in such that the elemental 

composition was measured after 5 minute intervals of sputtering with Ar
+
 (Figure 6). The percent 

composition of each element was uniform through the depth of the film and their relative ratios 

match the ICP-OES values of Fe3P doped with tellurium. There was a small amount of oxygen 

with a binding energy of 531 eV corresponding to less than 2% of the composition throughout 

the film. After the film was completely sputtered through the iron, tellurium and phosphorus 

amounts dropped to zero and the oxygen increased to 100%, corresponding to the quartz 

substrate. 

 

 



Figure 5. XPS spectrum for Fe3(Px,Te1-x) (x = 0.18) showing low valent Iron (707 eV), 

Phosphorus (129 eV) and Tellurium (573 eV) (A, B and C respectively). 

 

Figure 6. Representative XPS depth profile for Fe3(P1-xTex) thin film showing homogeneity (x = 

0.18). 

X-Ray diffraction on as-deposited samples before annealing had poor signal to noise 

ratio, but were significantly improved by annealing at 650 ºC for 24 hours. The measured powder 

patterns for these thin films shown in Figure 7 match the Fe3P pattern (space group I4̅) with 

slight peak deviations that can be attributed to a change in unit cell constants arising from doping 

a third element into the Fe3P parent compound. The lattice constant of the square plane (a=b) 

decreases while the c lattice constant remains unchanged in all cases. Furthermore, it was found 

that the lattice constants of square plane (a=b) decrease as the Co-dopant increases, which is in 

agreement with previously synthesized bulk Fe3P doped with cobalt.
19

 The final lattice constants 

are listed in Table 2. 

In addition to differences in degree 2θ, there are deviations in peak intensities that track 

with the amount of the doped element. As the amount of doped-cobalt increases, the intensity of 

the peak at 35.9º decreases, which corresponds to the lattice plane (031). The lattice plane (031) 

runs through only metal atoms of the Fe3P lattice, which explains why this peak does not change 

in the case of the Te-doped thin films. However, because the electron density of Co is close to 



that of Fe, there is smaller intensity change. The lattice plane (240) running through the 

phosphorus and tellurium atoms of the Fe3P lattice corresponds to 2θ = 44.7º. Therefore, in the 

Te-doped films, the intensity at this angle increases as an incremental amount of P atoms are 

replaced with Te atoms. These changes in peak intensity can be attributed to the changes in 

atomic radius of the doped elements, smaller in the case of cobalt and larger in the case of 

tellurium. 



 

Figure 7. X-ray diffraction pattern of Fe3P, (Fe1-xCox)3P and Fe3(P1-xTex) thin films after 

annealing. 



Table 2. (Fe1-xCox)3P and Fe3(P1-xTex) compositions. The lattice constants were obtained from the 

refinement of space group I4̅. The corresponding experimental results and analysis are shown. 

Sample a(Å) c(Å) TC (ºC) Ms(µB) 

Pure Fe3P (film) 9.1074 4.4602 412 5.1
39,40

 

Co, x = 0.09 9.0917 4.4622 407 4.30337 

Co, x = 0.13 9.0896 4.4625 405 3.76007 

Co, x = 0.22 9.0761 4.4682 407 4.02293 

Te, x = 0.04 9.0781 4.4549 413 4.32873 

Te, x = 0.18 9.0849 4.4562 412 4.21718 

Te, x = 0.42 9.0806 4.4591 413 4.43158 

 

The experimental field-dependent magnetization data are shown in Figure 8. The magnetic 

hysteresis remains almost the same for all the cases. The saturation magnetization (Ms) was 

estimated from fitting of the experimental magnetization at high field using the law of approach-

to-saturation (Equation 1) where K and K′ are fitting parameters.
40 

 

 

𝑀 = 𝑀𝑠 (1 −
𝐾

𝐻2 −
𝐾′

𝐻3)                     (1) 

 

The chemical compositions for the samples were obtained from ICP data in order to obtain the 

magnetization per formula unit (Fe3P). The final results of the saturation moment for all six 

samples are listed in Table 2. They are found to be smaller than what was reported in pure bulk 

Fe3P although no trend is found for the saturation magnetization changes as the dopant increases. 

Except (Co, x = 0.13), the saturation magnetic moments are close to each other while the Curie 

temperatures for the Te-doped Fe3P is systematically larger than Co-doped Fe3P. The difference 

of Curie temperature implies the interaction between magnetic atoms is lower in the Co-doped 



Fe3P than that of the Te-doped Fe3P while the saturation magnetic moments remain close in all 

cases. The effect of substituting the transition metal with other metals in Fe3P is already known 

to reduce the magnetic interaction and Curie temperature.
20

 Te-doped Fe3P is synthesized for the 

first time in the present work and the lack of effect of Te-doping on the Curie temperature 

indicates that Te elements must replace the atom positions occupied by P. Otherwise, the non-

magnetic properties of Te would be expected to strongly reduce the magnetic interaction by 

replacing the magnetic elements such as Fe in our materials. 



 

Figure 8. The field-dependent magnetization measurement were performed between -7 and 7 

Tesla. The magnetic hysteresis in the small fields (< 0.1 Tesla) are shown in the inset. 

 



Conclusions 

Thin films of Fe3P doped with Co and Te atoms has been achieved via the use of main 

group element metal carbonyl clusters as precursors for MOCVD. Combining organometallic 

single molecule clusters with respective predetermined stoichiometries as a solid solution and 

depositing the thin films on quartz afforded films with compositions that closely matched the 

heavy element stoichiometry of the solid blends. As expected, doping with elements of different 

sizes into the lattice caused changes in the unit cell parameters. While doping Te into the P site 

in the Fe3P lattice had little to no effect on the magnetization of the material because the main 

group site has a negligible magnetic contribution, a decrease in the Curie temperature was 

observed by doping Co into Fe site in Fe3P because the magnetic interaction between Fe sites are 

modified. The successful synthesis of thin films of ternary metal phosphides demonstrates the 

viability of the method and can be applied to other similar systems and possible quarternary 

phases.  
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