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Synthesis of Phase-Pure Ferromagnetic Fe 3 P Films from 
Single-Source Molecular Precursors
 A new method for the preparation of phase-pure ferromagnetic Fe 3 P fi lms on 
quartz substrates is reported. This approach utilizes the thermal decomposi-
tion of the single-source precursors H 2 Fe 3 (CO) 9 PR (R  =    t  Bu or Ph) at 400  ° C. 
The fi lms are deposited using a simple, home-built metal-organic chemical 
vapor deposition (MOCVD) apparatus and are characterized using a variety 
of analytical methods. The fi lms exhibit excellent phase purity, as evidenced 
by X-ray diffraction, X-ray photoelectron spectroscopy, and fi eld-dependent 
magnetization measurements, the results of which agree well with measure-
ments obtained from bulk Fe 3 P. Using scanning electron microscopy and 
atomic force microscopy techniques, the fi lms are found to have thicknesses 
between 350 and 500 nm with a granular surface texture. As-deposited 
Fe 3 P fi lms are amorphous, and little or no magnetic hysteresis is observed 
in plots of magnetization versus applied fi eld. Annealing the Fe 3 P fi lms 
at 550  ° C results in improved crystallinity as well as the observation 
of magnetic hysteresis. 
  1. Introduction 

 Binary materials composed of transition metals and group 15 
elements, commonly referred to as metal pnictides, have been 
the subject of fundamental and applied research for decades. 
This family of materials has drawn interest due to the wide 
variety of physical and chemical properties exhibited by the 
many possible phases. Among the more interesting of these 
properties are ferromagnetic and antiferromagnetic behaviors, 
magnetocaloric and magnetostrictive effects, and the ability to 
catalyze several industrially relevant reactions such as hydro-
denitrogenation and hydrodesulfurization. [  1–6  ]  

 Metal pnictide chemistry has experienced something of a 
renaissance in recent years as research groups have worked 
to prepare advanced metal pnictide materials such as nano-
particles and fi lms. [  7–12  ]  Bulk metal pnictides have commonly 
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been synthesized by reacting the pure 
constituent elements together at tem-
peratures above 1000  ° C. [  13  ,  14  ]  However, 
these synthetic conditions are generally 
unsuitable for the formation of nanos-
tructures or thin fi lms, and a signifi -
cant challenge for chemists has been the 
development of synthetic methodologies 
that allow for the formation of targeted 
metal pnictide phases under much milder 
conditions. The syntheses of several spe-
cies of metal pnictide nanoparticles have 
been described and generally involve the 
thermal co-decomposition of an organo-
metallic metal precursor with a reactive 
pnictide species ER 3  (E  =  P or As and 
R  =  H, alkyl, aryl, or silyl) in a high-boiling 
solvent in the presence of coordinating 
stabilizing agents. [  7  ]  Although consider-
able progress has been made using these 
methods, there are certain limitations that 
must be taken into consideration. First, phase control and nano-
particle stoichiometry can be diffi cult to achieve in solution, 
especially if one of the precursors is used in excess. Substantial 
empirical effort may be necessary to identify conditions under 
which phase control can be achieved. [  15  ]  Additionally, non-
innocent interactions between the nanoparticles and stabilizing 
agents in solution can lead to deviations from expected nano-
particle stoichiometries. [  16  ]  

 The preparation of metal pnictide fi lms by chemical vapor 
deposition allows for the circumvention of some of the limita-
tions inherent to solution-based materials processing, espe-
cially by eliminating interactions between the desired material 
and solvents or stabilizing agents. The majority of literature 
reports describing the preparation of metal pnictide fi lms have 
focused on fi lms containing early transition metals and pnic-
togens in a 1:1 ratio, and the preparation of metal phosphide 
fi lms of most of the early transition metals has been reported 
by various methods. [  10  ,  17–26  ]  Synthetic methods for the prepara-
tion of mid to late transition metal pnictide fi lms are less well-
developed, and fewer examples of completely characterized 
fi lms have been described in the literature. [  8  ,  11  ,  27–31  ]  Several of 
the aforementioned syntheses have employed single-source 
molecular precursors, but it is worth noting that the fi nal com-
position of the fi lms did not necessarily refl ect the overall stoi-
chiometry of the precursor molecules. For example, while CoAs 
fi lms prepared from 1,3-bis( tert -butyl)-2-(tetracarbonylcobalt)-
1,3,2-diazarsolidine retained the Co:As stoichiometry of the 
precursor, metal-rich RuP fi lms (P  =  15–20%) were formed 
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upon decomposition of H 2 Ru(PMe 3 ) 4 . [  8  ,  30  ]  In the former case, 
the presence of a covalent Co–As bond may have prevented 
the fragmentation of the precursor and subsequent forma-
tion of a metal-rich phase. In the latter case, the formation of 
metal-rich fi lms can almost certainly be attributed to the loss 
of trimethylphosphine due to the increased lability of the R–P 
dative bond, and it should be noted that the authors had origi-
nally intended to exploit this lability in order to prepare metallic 
ruthenium fi lms rather than Ru  x  P  y   fi lms. These results suggest 
that both stoichiometry and bonding should be carefully evalu-
ated when selecting a single-source precursor as a candidate 
to target a specifi c metal pnictide phase. Although the selec-
tion and preparation of suitable single-source precursors can 
be challenging, their use in thin-fi lm preparation has several 
advantages. Many transition metal pnictides can be isolated in 
more than one phase, with each phase having a distinct stoi-
chiometry and unique physical properties (vide infra). In order 
to achieve phase-purity during fi lm preparation, the stoichiom-
etry of the precursor materials must be carefully controlled, and 
this can be diffi cult when employing multiple precursors with 
different volatilities and decomposition temperatures. By con-
trast, single-source molecular precursors contain all of the ele-
ments required to form a targeted phase with pre-determined 
stoichiometry, and decomposition of single-source precursors 
is expected to occur in a more uniform manner under narrowly 
defi ned thermal conditions. 

 The preparation of advanced materials containing iron and 
phosphorus has been of interest to our research group for some 
time. The series of metal pnictide phases containing iron and 
phosphorus is somewhat extensive and includes Fe 3 P, Fe 2 P, FeP, 
FeP 2 , and FeP 4 . [  13  ,  32–35  ]  In the bulk, Fe 3 P and Fe 2 P are known to 
be ferromagnetic, with Curie temperatures of 716 K and 217 K, 
respectively. [  14  ,  36  ]  Intrigued by the prospect of preparing advanced 
metal pnictide materials with a relatively high ordering tempera-
ture, our research group recently attempted the solution-based 
synthesis of Fe 3 P nanoparticles using the single-source molec-
ular precursor H 2 Fe 3 (CO) 9 P  t  Bu. [  37  ]  Based on the stoichiometry 
of the precursor, we expected that Fe 3 P nanoparticles would 
form, but were surprised to fi nd that Fe 2 P nanostructures had 
instead emerged under commonly used reaction conditions. We 
now believe that interactions between the precursor and the sta-
bilizing agents employed in the synthesis were responsible for 
the formation of iron-defi cient particles. The preparation of well-
characterized Fe 3 P advanced materials remains a challenge. [  38  ]  

 Here, we describe our efforts to overcome the limitations of 
solution-based Fe 3 P materials synthesis and report the prepa-
ration of ferromagnetic Fe 3 P fi lms prepared by rudimentary 
metal-organic chemical vapor deposition (MOCVD). Films 
containing iron and phosphorus in a 3:1 ratio were readily 
deposited on quartz via thermal decomposition of volatilized 
H 2 Fe 3 (CO) 9 PR (R  =    t  Bu or Ph) at 400  ° C. The as-deposited fi lms 
were amorphous, but could be annealed at higher temperatures 
in order to achieve suffi cient crystallinity for characterization 
by X-ray analysis. The morphology of the fi lms was studied by 
scanning electron microscopy and atomic force microscopy 
and X-ray photoelectron spectroscopy was used to examine the 
homogeneity of the fi lms. Magnetic studies performed on the 
fi lms confi rm that the as-deposited and annealed fi lms were 
both ferromagnetic, albeit with different properties.   
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 1850–1855
 2. Results and Discussion 

 Previous work has explored the possibility of preparing discrete 
Fe 3 P nanoparticles via thermal decomposition of H 2 Fe 3 (CO) 9 PR 
(R  =    t  Bu or Ph) in solution. [  37  ]  These molecules, fi rst reported 
by Huttner and co-workers, seemed to us ideal candidates for 
single-source precursors because of their modest volatilities, the 
relative lability of the CO ligands, and the intimate Fe–Fe and 
Fe–P bonding. [  39  ]  However, we were surprised to observe the 
formation of Fe 2 P nanoparticles when prepared in the presence 
of oleic acid, as the Fe 2 P phase is inconsistent with the stoichi-
ometry of the precursor. Subsequent studies have demonstrated 
that non-innocent interactions between the nanoparticles and 
oleic acid can result in the formation of metal-defi cient nano-
particles. [  16  ]  While the decomposition of H 2 Fe 3 (CO) 9 PR (R  =  
  t  Bu or Ph) in solution failed to yield the desired phase, bulk 
decomposition of the precursor was found to produce Fe 3 P, and 
we have pursued the feasibility of preparing Fe 3 P fi lms using 
H 2 Fe 3 (CO) 9 PR (R  =    t  Bu or Ph) as a single-source precursor, the 
description of which is reported here. 

 Using an independently controlled two-zone heating system 
(see Experimental Section), the solid H 2 Fe 3 (CO) 9 PR (R  =    t  Bu 
or Ph) was sublimed at 125  ° C under reduced pressure, and 
the gaseous material was carried through a second heating 
zone that had been preheated to 400  ° C, whereupon the pre-
cursor underwent thermal decomposition and a metallic fi lm 
was deposited on the sides of the borosilicate glass tube and 
onto the quartz substrates attached to the stainless steel heating 
stage. Film deposition at 400  ° C was found to be very reproduc-
ible and good adhesion to the quartz substrate was observed, 
as the fi lms passed the adhesive tape test many times over. 
Alternative deposition temperatures were also examined, but 
we observed that depositions carried out at temperatures below 
400  ° C generally resulted in poor substrate coating while depo-
sitions performed above 500  ° C produced fi lms that exhibited 
poor adhesion and were prone to fl aking. The position of the 
heating stage was also found to be an important factor in deter-
mining the quality of the fi lms, and the optimum position of 
the heating stage in the apparatus was determined empirically 
by varying the position over several trials until the substrates 
were evenly coated. Identical deposition behavior was observed 
for both H 2 Fe 3 (CO) 9 PR (R  =    t  Bu or Ph) precursors. 

 X-ray diffraction experiments were performed on the fi lms 
deposited at 400  ° C but no diffracted intensity was observed, 
indicating that the as-deposited material was amorphous. In 
order to improve crystallinity, the fi lms were fl ame sealed in 
an evacuated tube and annealed in a muffl e furnace at 550  ° C 
for four hours. X-ray diffraction patterns obtained from the 
annealed fi lms closely match reference patterns obtained from 
bulk Fe 3 P materials ( Figure    1  ). The relative intensities of the 
refl ections arising from the Fe 3 P fi lms are also similar to the 
intensities observed in bulk Fe 3 P, suggesting that the crystal-
lites in the fi lm are randomly oriented with little or no preferred 
orientation. Unlike fi lms prepared above 500  ° C, the fi lms that 
were prepared at 400  ° C and annealed at 550  ° C continued to 
exhibit good adhesion to the quartz substrates as determined 
by the adhesive tape test, although annealing for longer periods 
or at higher temperatures eventually resulted in poor adhesion 
and fi lm fl aking.  
1851wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  1 .     X-ray diffraction pattern of annealed (top) and as-deposited 
(bottom) Fe 3 P fi lms. The underlying line diagram shows the diffraction 
pattern of bulk Fe 3 P (ICDD PDF# 004-2129).  

     Figure  2 .     X-ray photoelectron spectra of Fe and P obtained from Fe 3 P 
fi lms.  

     Figure  3 .     XPS depth profi le for an annealed Fe 3 P fi lm.  
 Annealed and as-deposited fi lms prepared from 
H 2 Fe 3 (CO) 9 P  t  Bu and H 2 Fe 3 (CO) 9 PPh were digested in concen-
trated nitric acid and the relative amounts of iron and phos-
phorus were determined by inductively coupled plasma optical 
emission spectroscopy (ICP-OES) analysis. In all cases, the iron 
to phosphorus ratio was found to be 3:1, indicating that both 
molecules were satisfactory precursors to Fe 3 P materials. It 
should be noted that we prefer the use of H 2 Fe 3 (CO) 9 P  t  Bu over 
H 2 Fe 3 (CO) 9 PPh because the latter appears to undergo consider-
able decomposition when stored for extended periods of time. 

 The Fe 3 P fi lms were also studied by X-ray photoelectron spec-
troscopy (XPS) and the XPS spectra of iron and phosphorus are 
shown in  Figure    2  . Prior to the acquisition of the spectra, the 
fi lm surfaces were sputtered with 4 keV Ar  +   ions to remove oxi-
dized material and surface-adsorbed contaminants. The XPS 
spectrum of iron shows a single 2p 3/2  peak at a binding energy 
(BE) of 706.9 eV, in precise agreement with the value reported 
from a high-resolution XPS analysis of bulk Fe 3 P. [  40  ]  The XPS 
spectrum of phosphorus contains a prominent 2p 3/2  peak at a 
BE of 129.4 eV with a 2p 1/2  shoulder at a slightly higher binding 
energy, in good agreement with the XPS spectrum of phos-
phorus obtained from bulk Fe 3 P. [  40  ]  A slight carbon 1s peak 
was observed with a BE of 284.8 and was used as a calibration 
reference. Integration of the carbon 1s intensity indicated that 
carbon comprised less than 1% of the total atomic composition 
of the fi lms. The XPS spectra obtained from annealed and as-
deposited Fe 3 P fi lms were indistinguishable from one another.  

 An XPS depth-profi le was carried out on the annealed Fe 3 P 
fi lms in order to assess the compositional homogeneity of 
the deposited material. The depth profi le indicates that iron 
and phosphorus are present in a consistent 3:1 atomic ratio 
throughout the entirety of the fi lm, with the iron and phos-
phorus compositions dropping to zero as Ar  +   sputtering pen-
etrates to the underlying quartz substrate ( Figure    3  ), demon-
strating that the fi lm is homogeneous and free of stratifi cation. 
No signifi cant deviation in the binding energies for iron and 
phosphorus were observed during the depth profi le.  

 The surface morphology and thickness of the fi lms were ana-
lyzed by scanning electron microscopy (SEM) and atomic force 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
microscopy (AFM). SEM analysis of the fi lm surfaces revealed 
a granular texture, with irregularly shaped grains approximately 
75–100 nm in size ( Figure    4  ). Cross-sectional SEM analysis of 
several samples indicated that the fi lms were between 350 and 
500 nm in thickness (Figure  4 ). The granular texture was vis-
ible only at the surface of the fi lms, the underlying material 
exhibiting a relatively featureless morphology. AFM analysis 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1850–1855
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     Figure  4 .     A) Surface and B) cross-sectional SEM images obtained from 
an as-deposited Fe 3 P fi lm.  

     Figure  6 .     Magnetic hysteresis loops obtained from as-deposited and 
annealed Fe 3 P fi lms.  
demonstrates that the fi lms had a somewhat rough texture, 
with some grains protruding as much as 50 nm from the sur-
face ( Figure    5  ). The annealing process had almost no effect on 
the morphology of the fi lms, and the annealed and as-deposited 
fi lms were virtually indistinguishable from one another based 
on microscopic analysis.   

 The attraction of both the as-deposited and annealed fi lms to 
a permanent neodymium magnet provided empirical evidence 
of the ferromagnetic nature of the deposited material. Addi-
tionally, quantitative magnetic measurements were performed 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 1850–1855

     Figure  5 .     A) AFM images and B) height profi le (tilted 20 °  from surface 
normal) obtained from an as-deposited Fe 3 P fi lm.  
on the as-deposited and annealed fi lms, and a plot of mag-
netization versus applied fi eld is presented in  Figure    6  . The as-
deposited fi lms demonstrated ferromagnetic behavior at 300 K, 
although no signifi cant hysteresis was observed. By contrast, 
magnetic measurements carried out on an annealed sample at 
temperatures of 300 K and 4.2 K resulted in well-defi ned, sym-
metrical hysteresis loops, the latter exhibiting a wider loop than 
the former. The magnetization shown in Figure  6  is reported 
in units of emu mole  − 1  iron, and the quantitative elemental 
analyses of the fi lms were carried out spectroscopically using 
ICP-OES. The saturation magnetization of bulk Fe 3 P at 4.2 K 
and 25 kOe was reported to be 155 emu g  − 1 . [  14  ]  This is in close 
agreement with the saturation magnetization of annealed 
Fe 3 P fi lms reported in this work, which was calculated to be 
153 emu g  − 1 .    

 3. Conclusions 

 We have described the facile preparation of Fe 3 P fi lms using the 
conveniently synthesized single-source molecular precursors 
H 2 Fe 3 (CO) 9 PR (R  =    t  Bu or Ph). Characterization by ICP-OES, 
XRD, and XPS indicates that the fi lms exhibit unprecedented 
phase purity with no evidence of contaminant phosphide 
phases or metallic iron, unlike previously reported attempts at 
Fe 3 P fi lm synthesis. [  41  ,  42  ]  

 Brock and co-workers have recently suggested that a critical 
study of the magnetic properties of metal phosphide materials 
provides a more complete assessment of phase purity, arguing 
that techniques such as XRD can incorrectly imply phase 
purity in cases where impurities are present at low concentra-
tions or are amorphous and undetectable by X-ray analysis. [  15  ]  
In keeping with this expanded criterion for establishing phase 
purity, fi eld-dependent magnetization studies were carried out 
on the Fe 3 P fi lms. The data obtained from annealed Fe 3 P fi lms 
were in close agreement with data obtained from bulk samples 
of Fe 3 P, providing additional evidence of phase purity. 

 The use of single-source precursors has allowed us to pre-
pare Fe 3 P fi lms using an extremely rudimentary MOCVD 
apparatus. By contrast, preparation of phase-pure Fe 3 P fi lms 
1853wileyonlinelibrary.combH & Co. KGaA, Weinheim
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using separate sources of iron and phosphorus could require 
considerable engineering in order to achieve co-decomposition 
of precursors with the correct stoichiometries and avoid the 
formation of phases such as Fe 2 P or FeP. The fi lms reported 
in this work exhibit electronic, magnetic, and crystallographic 
properties similar to those observed in bulk Fe 3 P. This is an 
interesting and potentially useful observation, as bulk Fe 3 P has 
been identifi ed as a possible component in the preparation of 
semiconductor spintronic materials. [  43  ]  

 As discussed previously, Fe 3 P is only one of several known 
iron phosphide phases. The directed synthesis of phase-pure 
Fe 3 P fi lms using a single-source molecular precursor repre-
sents a major advance in the preparation of functional metal 
pnictide materials. An intriguing extension of this work would 
be the preparation of ternary or quaternary metal pnictides by 
employing single-source precursor strategies and investigations 
in this direction are currently underway.   

 4. Experimental Section  
 General Considerations : H 2 Fe 3 (CO) 9 PR (R  =    t  Bu or Ph) was 

prepared according to previously reported procedures and was freshly 
crystallized and dried thoroughly under reduced pressure before use. [  39  ]  
H 2 Fe 3 (CO) 9 PR (R  =    t  Bu or Ph) can be weighed quickly in the air, but 
should be stored under inert gas at below –20  ° C to avoid oxidation 
and decomposition. All fi lms were kept under argon before and after all 
instrumental characterizations to prevent oxidation.  

 Fe 3 P Film Deposition : Quartz microscope slides were obtained 
from Ted Pella, Inc. and were cut into approximately 1.5 cm  ×  2.0 cm 
substrates. The substrates were cleaned with acetone and ethanol and 
dried under inert gas. Substrates were fi xed to a stainless steel heating 
stage using silver paste (SPI Supplies). A rudimentary horizontal hot-
wall MOCVD apparatus was used for all depositions, and a schematic 
of the device is shown in  Figure    7  . The apparatus consists of a 
25 mm  ×  200 mm borosilicate glass tube (Corning) coupled to a 25 mm  ×  
100 mm borosilicate glass spacer tube via a stainless steel vacuum fi tting 
(Ultra-Torr, Swagelok). The spacer tube was then coupled to a vacuum 
inlet using a second vacuum fi tting. Prior to assembling the apparatus, 
10 mg of H 2 Fe 3 (CO) 9 PR (R  =    t  Bu or Ph) was loaded into the bottom of 
the tube, and the stainless steel heating stage was positioned as shown 
in the schematic. The apparatus was then connected to a high-vacuum 
manifold and evacuated until an attached cold-cathode ionization vacuum 
gauge stabilized at approximately 2  ×  10  − 7  Torr. A 100-mm section of the 
apparatus (Zone 1 in Figure  7 ) was wrapped with fi berglass-insulated 
heating tape (Samox) connected to a variable transformer and embedded 
with a thermocouple probe. A 75 mm segment of the apparatus (Zone 
2 in Figure  7 ) was prepared in a similar fashion, resulting in a two-zone 
heating system. Zone 1 was heated fi rst, and after attaining the target 
temperature of 400  ° C, Zone 2 was gradually heated to 125  ° C. After 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

     Figure  7 .     Schematic diagram of the home-built MOCVD apparatus 
employed in the deposition of Fe 3 P fi lms.  
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approximately 25 min, the heating tapes were removed from Zones 1 and 
2, and fi lms with a metallic luster were found to have formed on the 
quartz substrates. The apparatus was immediately tilted into a vertical 
position and a 150 mm segment of the borosilicate tubing was fl ame 
sealed under high vacuum, isolating the heating stage and the attached 
substrates from the atmosphere. Selected samples were then annealed by 
placing the sealed tube in a muffl e furnace and heating to 550  ° C for 4 h.   

 Film Characterization  :  Quantitative elemental analyses of iron 
and phosphorus were carried out using ICP-OES on a Perkin-Elmer 
instrument using an internal yttrium standard. The spectral emission 
lines at 238.204 nm and 213.617 nm were selected for analysis of 
iron and phosphorus, respectively. Iron was analyzed by radial plasma 
viewing, while phosphorus was analyzed by axial plasma viewing. The 
fi lms were digested in concentrated nitric acid with sonication and 
diluted to a suitable concentration prior to analysis. 

 XPS was carried out using a Physical Electronics PHI Quantera SXM 
instrument using a monochromatic Al K α  source (1486.6 eV) operated 
at 40.7 W with a beam size of 200  μ m and a take off angle of 45 ° . A 
band pass of 26 eV was used for the accurate determination of the iron 
2p 3/2  and phosphorus 2p binding energies and during depth profi ling. 
The fi lms were sputtered with an Ar  +   ion beam (4 keV) for 5 min prior 
to analysis to remove any surface oxidation or contaminants. A 4 keV 
Ar  +   ion beam was also used for sputtering during depth profi le studies. 
The peak positions were calibrated using the 1s peak from adventitious 
carbon (284.8 eV). 

 SEM was carried out on a FEI Quanta 400 FEG microscope operated 
in secondary electron mode at 30 kV. SEM images were obtained on the 
native fi lms, as it was not necessary to sputter-coat the fi lms prior to 
imaging. The fi lm thicknesses were determined by analyzing the cross-
section of selected fi lms. AFM images were obtained using a Digital 
Instrument Nanoscope IIIa microscope with a Si tip operated in tapping 
mode. 

 X-ray diffraction (XRD) data were collected on a Rigaku D/Max-
2100PC powder diffractometer using unfi ltered Cu K α  radiation (  λ    =  
1.5406 Å) at 40 kV and 40 mA and a step size of 0.034 ° . Data processing 
was carried out using MDI’s Jade 9.0. The powder diffraction fi le (PDF) 
for the Fe 3 P phase (# 004-2129) was obtained from the International 
Centre for Diffraction Data (ICDD) and was used as a reference for 
phase identifi cation and analysis. 

 The fi eld-dependent magnetization data were collected using 
a Quantum Design Magnetic Property Measurement System 
(QD MPMS). Prior to analysis, the Fe 3 P fi lms on quartz were sectioned 
into pieces approximately 5.0 mm  ×  5.0 mm in size. Data from 
as-deposited samples were collected at 300 K, and data from annealed 
samples were collected at 300 and 4.2 K. After analysis, the samples were 
digested in concentrated nitric acid and the total iron and phosphorus 
content of each sample was quantitatively determined by ICP-OES. The 
diamagnetic contribution from the quartz substrate was observed to be 
negligible, and no further corrections to the data were applied.  
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