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Abstract—This paper describes a new class of frequency 
reference. The frequency source uses the same operating 
principle as a passive atomic frequency standard; however, the 
device is entirely solid-state, removing many cost and 
reliability issues associated with gas phase atomic clocks. More 
specifically, the “atomic resonance” is derived from zero-field 
magnetic resonance transitions of the vanadium ion in 
magnesium oxide. The characteristics of these resonances will 
be described in detail. The apparatus for measuring the 
“atomic” resonances uses a microwave resonant cavity and 
frequency-discriminator circuit. Using integrated circuits, the 
radio-frequency signal processing functions can be 
implemented at very low cost in a reliable manufacturing 
process. We discuss the system design and the measurement 
sensitivity. The estimated short term stability is in the range of 
10  to 10  @ 1 s. Advantages of the new frequency reference 
may include immunity to vibration, reduced aging compared 
to crystal oscillators, and immediate cold start. 
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I. INTRODUCTION 
Crystal oscillators and atomic clocks are the two basic 

classes of frequency standards, and differ widely on their 
accuracy, size, cost, and power requirements [1]. 
Historically, the mainstream applications of crystal 
oscillators have been very different from atomic clocks. 
Most atomic clocks were used in laboratories for making 
highly precise measurements, or maintaining the basic 
standard of time. Recent trends in frequency standards have 
been to aggressively shrink the size of rubidium atomic 
clocks and to develop batch manufacturing techniques to 
lower the production cost in volume [2-12]. Every possible 
refinement has been applied to improve the long-term 
accuracy and temperature stability of crystal oscillators [13-
18], and to reduce the power consumption of oven-controlled 
devices [19-23]. Warm-up time is an important feature of 
both technologies, which limits the use of precision 
frequency control in battery powered systems and tactical 
applications. For rubidium references, the absorption cell 
must be heated to reach adequate vapor pressure to operate 
the clock [24].   

We propose a new class of frequency reference which 
may be manufactured at very low-cost using standard 
techniques. Short-term stability in the range of 10-8 to 10-9 at 
1 second can be easily demonstrated with development of the 

new technology. The new frequency reference may prove to 
have better aging, retrace, and vibration sensitivity 
characteristics than crystal oscillators, immediate cold start, 
and possibly reduced sensitivity to space radiation [25].  

II. PRINCIPLE OF OPERATION 
The principle of operation of the solid-state atomic 

frequency reference is similar to other microwave passive 
atomic frequency standards. The difference is in the 
implementation of the atomic resonator and the detection 
technique used to interrogate the “atomic” resonance. In 
contrast to conventional atomic clocks using alkali metal 
gases, the “atomic” resonator consists of paramagnetic ions 
doped into a dielectric crystal. The solid-state hyperfine 
resonance is measured directly via the resonant change in the 
magnetic susceptibility of the sample.  

Many atomic clocks use a simple integrator to lock the 
voltage-controlled oscillator to the atomic resonance signal 
(Figure 1): 

 

 

Figure 1.  Microwave Passive Atomic Frequency Standard 

Assuming the short-term stability of the passive atomic 
frequency standard is due to a white noise process, the Allan 
deviation is given by: 
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In Equation 1, Sn is the power spectral density of the 
measurement noise floor, δE/δf is the slope of the atomic 
resonance measurement signal, fA is the frequency of the 
atomic resonance, and τ is the integration time for the Allan 
deviation. To achieve good short term stability, we need a 
narrow atomic resonance (i.e., high-QA) and a high 
sensitivity measurement. Thus, the first major problem is to 
identify a materials system in solid-state which exhibits 
narrow hyperfine resonances, and to determine a suitable 
measurement technique to interrogate this resonance.  

III. SOLID-STATE HYPERFINE RESONANCES 
The first major question was whether we could find a 

solid-state materials system which would exhibit narrow 
hyperfine resonances at room temperature. The most 
interesting types of compounds are dielectric crystals doped 
with transition metal ions, where many interesting 
paramagnetic resonance properties arise because of the 
unpaired d-shell electrons which are weakly bonded to the 
host crystal [26-29]. Paramagnetic resonance may be 
measured at room temperature for certain combinations of 
crystal symmetry and impurity valance state. In particular, 
divalent vanadium in magnesium oxide has a spin 
Hamiltonian very similar to the Hamiltonian describing the 
hyperfine structure of an alkali metal atom [30, 31]:  

ISHS ⋅+⋅=Η Ag BS µ  (2) 

In Equation 2, A is the hyperfine constant, S is the spin of 
the electrons (S = 3/2 for V++), I is the spin of the nucleus (I 
= 7/2 for vanadium), gS is the electron Landé g-factor (gS ~ 2 
for V++/MgO), µB is the Bohr magneton, and H is the applied 
magnetic field. The hyperfine constant A is approximately  
80.3 Gauss (i.e., 225 MHz) [30, 31]. The analysis presented 
here does not consider much smaller S3 terms in the 
complete Hamiltonian [32]. 

The vanadium spin Hamiltonian (2) is similar to the spin 
Hamiltonian which describes the hyperfine interaction for 
the S-orbital valence electron of an alkali metal vapor. 
Several important results, such as the existence of magnetic 
field independent transitions, are features of the spin 
Hamiltonian (2). The hyperfine structure of V++/MgO is 
plotted in Figure 2, where the zero-field energies correspond 
to eigenstates F = 2, 3, 4, and 5. There are 2F + 1 Zeeman 
levels in each F manifold corresponding to the eigenvalues 
mF = {F, F − 1, F − 2, …, −|F − 1|, −F}. Using the Landé 
interval rule, the allowed transition frequencies at zero-field 
are at frequencies 3A, 4A, and 5A, i.e., ~500 MHz, 900MHz, 
and 1125 MHz. The measurement results presented below 
are for the F = 4 to F = 5 transitions at ~1125 MHz. 

 

Figure 2.  Hyperfine Structure for V++/MgO 

The Zeeman shift of a resonance line is determined by 
the Landé factors gF and the quantum numbers mF of the 
initial and final states [33,34], and for transitions of the type  

FF mFmF ,5,4 =↔= . (3) 

is equal to 

FFS mGMHzmg ⋅=⋅ )/28.0(
10
1

h . (4) 

In Figure 2, the exact eigenvalues are used from a 
numerical solution to (2) at each value of the applied 
magnetic field H. The second-order Zeeman shift is evident 
at magnetic fields above approximately 50 Gauss. For 
Zeeman fields from 0 to 20 Gauss, the first-order theory is a 
close approximation to the exact solution.  

IV. EXPERIMENTAL ARRANGEMENT 
The second major question was to determine the best 

experimental technique to interrogate the solid-state 
hyperfine resonances. Initially, we considered the possibility 
of using optical pumping techniques similar to gas phase 
atomic clocks, but found that direct detection of the 
resonance in the magnetic susceptibility of the paramagnetic 
sample was the simplest and most sensitive technique.  

A. Zero-Field Paramagnetic Resonance 
The magnetic susceptibility of an MgO sample doped 

with paramagnetic V++ ions due to the mF = 0 to mF = 0 
transition between the F = 4 and F = 5 energy levels is [34, 
35]: 
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In Equation (5), gS is the electron g-factor, µB is the Bohr 
magneton, k is Boltzman’s constant, T is the absolute 
temperature, N is the concentration of paramagnetic ions, v0 
is the paramagnetic resonance frequency, and ∆v is 
resonance width. Evaluating the constant factors, and 
assuming a magnesium oxide crystal doped with 100 ppm 
V++ relative to the anion lattice is (in CGS units):  

22
0

010

)2/()(
1062.1)(''

vvv
v

∆+−
∆

⋅×= − ν
υχ  (6) 

For example, if the transition frequency is 1114 MHz and 
the resonance width is 1MHz, the magnetic susceptibility on 
resonance is 0.72 × 10-6.  

In practice, the main difficulty in verifying (6) is in 
determining the number of vanadium ions which substitute 
into the lattice in the correct valence state. Vanadium ions 
tend to be incorporated in the trivalent state in as-grown 
crystals [31,36-38]. Transition metal dopants may also form 
precipitates in magnesium oxide, depending on the 
fabrication technique and heat treatment history, which has 
sometime resulted in confusion in the EPR literature on 
magnesium oxide [39]. In particular, one author was unable 
to reproduce results on linewidth broadening vs. 
concentration on account of the formation of ferrimagnetic 
precipitates [40].  

Single crystal MgO samples with nominal vanadium 
doping of 450 ppm were obtained from Escete (Enshede, 
The Netherlands).  The samples were annealed for 6 hours at 
1100ºC in a reducing atmosphere (Ar/H2), which increased 
the amount of divalent vanadium by at least an order of 
magnitude, as determined from X-band EPR measurements 
[34]. In general, single crystal samples are not needed, and 
the same results may be obtained using ceramic MgO. 

B. Loop-Gap Resonator 
The previous sections have described the physics of zero-

field paramagnetic resonance with little reference to the 
experimental techniques used to measure zero-field magnetic 
resonance, or the practical design of a solid-state atomic 
frequency standard. The most important articles which 
described the design of zero-field paramagnetic resonance 
spectrometers are Delfs and Bramley [41,42] and Bramley 
and Strach [43,44]. Some early spectrometers detect the 
change in attenuation or phase along a non-resonant 
transmission line containing the paramagnetic sample, 
however, a resonant design using a tunable resonator is much 
more sensitive. While apparently a simple problem, 
designing a broadly tunable, high-Q electrical resonator is 
non-trivial. One solution is to use a mechanically tuned 
“loop-gap” resonator. The loop-gap resonator is especially 
effective in paramagnetic resonance experiments because of 

the combination of high-Q and small volume [47-51]. In a 
new design, the present experiment used piezoelectric tuning 
of the loop-gap resonator, shown in Figure 3.  

 

Figure 3.  Mechanically Tuned Loop-Gap Resonator: Flexure Stage, 
Perspective view of loop gap resonator, and side-view showing piezo 

adjustment of capacitive gap 

This design achieved octave tuning from 1-2 GHz, and a 
loaded-Q of approximately 300 with 2dB insertion loss. The 
paramagnetic resonance measurements were made using a 
transmission coupled resonator. Coupling was achieved 
using small magnetic loops, for complete details and 
fabrication, refer to [34]. An important shortcoming of the 
mechanical design using a cantilevered beam is sensitivity to 
acoustics, including sound generated by the Helmholtz coils. 

Paramagnetic resonance may be detected as a change in 
the resonant frequency and quality factor of an electrical 
resonator which contains a paramagnetic sample. The phase 
change introduced by the paramagnetic sample to an RF 
carrier coupled through the resonator is (CGS units) [34]:  

χπηθ ′−=∆ LQ4  (7) 

In Equation 7, η is the fill factor, which is the ratio of the 
magnetic energy stored in the sample to the total magnetic 
energy stored in the electrical resonator, QL is the loaded-Q 
of the loop-gap resonator, and χ' is the dispersive component 
of the magnetic susceptibility. If the paramagnetic resonance 
frequency is modulated using a Zeeman field, the phase-
modulation sideband power introduced to the RF carrier is 
approximately: 

χπη ′= LQP 4log20 10
 (8) 

For example, if the fill factor is ¼, the loaded-Q is 300, 
and the resonant magnetic susceptibility is 0.72 × 10-6, the 
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sideband power is approximately -64 dBc. The carrier power 
used in the experiments was in the range of ~ 5 dBm. 

C. Frequency Discriminator and Zeeman-Modulation 
The phase modulation introduced by paramagnetic 

resonance is detected using a frequency-discriminator 
arrangement, shown in Figure 4. The frequency 
discriminator consists of a 90º hybrid or power splitter, 
transmission coupled loop-gap resonator, phase adjuster, and 
phase detector (e.g., mixer in quadrature). 

 
Figure 4.  Zero-Field Paramagnetic resonance spectrometer 

Helmholz coils are used to generate the Zeeman field, 
which is modulated using the bidirectional square-wave 
described in [41-44], with lock-in detection at the second 
harmonic. The modulation frequency was ~ 5 kHz. In the 
measurements described in the next section, the voltage-
controlled oscillator is swept in the range of 1000 – 1200 
MHz, and the output from the lock-in detector is recorded. 

The sensitivity of the present experiments (SNR ~ 60dB, 
1Hz BW) is limited by vibrations of the mechanically tuned 
resonator and the phase noise of the swept voltage-controlled 
oscillator. However, with improved design, frequency 
discriminator measurements limited by the thermal noise 
floor are feasible, using techniques such as carrier 
suppression [52-55]. Complete details of the spectrometer 
design are described in [34]. 

V.  MEASUREMENT RESULTS 
A measured zero-field paramagnetic spectrum of a 

sample of magnesium oxide containing both vanadium and 
manganese is shown below in Figure 5. The modulation field 
was approximately 12 Gauss. The red curve is the measured 
spectrum and the blue curve is a calculation.  We can see that 
the basic features of the calculated and measured spectrum 
are the same. The zero-field measurement allows for a more 
precise determination of the hyperfine coupling, which is 
seen to be approximately 1% lower than the published value 
determined from high-field measurements [30]. 

The apparent linewidth is probably due to the effect of 
the S3 term in the more general Hamiltonian [32], which 
means that the different transitions in the F = 4 to F = 5 
manifold are not exactly degenerate at zero field. These 
additional terms may also explain the asymmetry of the F = 
4 to F = 5 transition at 1113 MHz. The resonance at 1180 
MHz is due to Mn++/MgO. 

 

Figure 5.   Measured Spectrum for Mn++ and V++ in Magnesium Oxide 

The Zeeman measurement shown below in Figure 6 is 
for a vanadium doped magnesium oxide sample in a static 
magnetic field of approximately 50 Gauss, with the RF field 
polarized parallel to the Zeeman field. The modulation field 
used in the measurement was approximately 5 Gauss. The 
measurement validates the fact the for V++/ MgO system, the 
dipolar linewidth scales with the Zeeman sensitivity, as 
described by (4). The measured linewidth of the mF = ±1 
transitions is half the linewidth of the mF = ±2 transitions, 
and the mF = ±3 and ±4 transitions are seen to be even 
broader, in accordance with the theory.  The linewidths seen 
in the figure are limited by the modulation amplitude; the 
actual linewidth limited by dipolar broadening is narrower 
than what is shown in the figure. The magnetic field 
independent mF = 0 is barely observed in this particular 
measurement because of the small modulation field. 

Figure 6: Measured V++/MgO Spectrum at 50 Gauss Zeeman Field

943



Zeeman modulation of the first-order magnetic field 
independent line would require audio magnetic fields on the 
order of 100 Gauss to adequately shift the line. Generating 
audio magnetic fields of 100 Gauss has significant power 
requirements. A spectrometer design using frequency 
modulation, similar to conventional atomic clocks, would be 
a better technique to measure the magnetic field independent 
mF = 0 to mF = 0 transition. 

VI. PARAMAGNETIC RESONANCE LINEWIDTHS 
The dominant line broadening mechanism in solid-state 

magnetic resonance measurements is typically 
inhomogeneous broadening of the magnetic resonance 
transitions due to the random distribution of the local 
magnetic field within the crystal. Each site in the crystal 
lattice is surrounded by a different distribution of 
paramagnetic ions. The sum of the magnetic fields due the 
magnetic moments of the surrounding paramagnetic ions 
results in a random distribution of magnetic fields within the 
crystal, and therefore a broadening of the magnetic 
resonance transitions in proportion to the Zeeman sensitivity.    

The theory of dipolar broadening in paramagnetic 
crystals is well established [56, 57]. A series of papers by de 
Biasi give thorough experimental validation for the dipolar 
broadening theory in magnesium oxide and related oxide 
crystals doped with Cr3+, Mn++, and other ions [58-63]. At 
higher doping concentrations (on the order of 0.1-1 mol %), 
there are a substantial number of exchange coupled pairs, 
which assuming anti-ferromagnetic coupling, have zero-
magnetic moment, and do not contribute to the line 
broadening or resonance signals. The theory by de Biasi 
accounts for this effect [58]. The dipolar broadening for 
Cr3+/MgO, which is isoelectronic with V++, is given by: 

54)01.01(23.6)( ffHCH ddpp −=∆=∆  (9) 

In (9), the width of the magnetic field distribution is in 
mT, and f is the doping concentration in mol%. At zero field, 
the theory needs slight modification to take into account the 
different Landé factors of the zero-field eigenstates, which 
results in an additional factor of ½ [34]. At 1 mol% V++ 
doping, the zero-field width from (9) is ½ × 36.2 Gauss, 
which multiplying by the Zeeman sensitivity (4), 
corresponds to a zero-field resonance width of 5.1 MHz for 
mF = ±1 transitions. 

The upshot of this analysis is that it appears feasible to 
use much higher doping concentrations (~0.1-1%) while still 
measuring narrow mF = 0 lines, which are independent of 
dipolar broadening to first order. Intense paramagnetic 
resonance transitions, with linewidths of at most 1 MHz, and 
possibly narrower, should be measurable even at high doping 
concentrations. The narrowing of magnetic field independent 
transitions of vanadyl ions in ammonium sulphate was 
previously reported by Bramley and Strach [43].  

The actual resonance width of the mF = 0 to mF = 0 
transitions would depend on additional inhomogeneous 
broadening mechanisms, such as stress distribution within 
the crystals [67], and the spin-lattice relation time T1. It 
would seem possible that the stress distribution within the 
crystal can be optimized through proper manufacturing and 
annealing, possibly resulting in very narrow resonance lines 
(~100 kHz wide). A conservative estimate of the atomic QA 
for the magnetic field independent transition is 1000. By 
assuming sensitivity in the range of 100 dB for an improved 
instrument, short-term stability in the range of 10-8 to 10-9 is 
predicted according to (1). The temperature coefficient of the 
hyperfine constant is on the order of ppm/ ºC [68].  

VII. CONCLUSION 
The paper has presented a new type of microwave 

passive atomic frequency reference, which is entirely solid-
state and uses only low-cost electronic components. We have 
shown that vanadium doped magnesium oxide exhibits 
narrow hyperfine resonances at room temperature, which can 
be measured with high sensitivity using a simple 
paramagnetic resonance spectrometer. 

We also predict that the mF = 0 to mF = 0 magnetic field 
independent transitions is unaffected by dipolar broadening, 
i.e., by the dominant mechanism for line broadening in 
solids. This implies that we may increase the doping 
concentration, and thereby the signal intensity, without 
broadening the mF = 0 transition to first-order. Finally, 
validation of the short-term stability estimates and an 
understanding of mechanisms affecting long-term stability 
are topics for future work. 
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