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Design for a multifrequency high magnetic field superconducting quantum
interference device-detected quantitative electron paramagnetic
resonance probe: Spin-lattice relaxation of cupric sulfate pentahydrate
(CuSO,-5H,0)
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We have designed a spectrometer for the quantitative determination of electron paramagnetic
resonancg EPR) at high magnetic fields and frequencies. It uses a superconducting quantum
interference devicSQUID) for measuring the magnetic moment as a function of the applied
magnetic field and microwave frequency. We used powdered 2,2-diphenyl-1-picrylhydrazyl to
demonstrate resolution gftensor anisotropy to 1 mT in a magnetic field of 3 T with a sensitivity

of 10 spins per 0.1 mT. We demonstrate multifrequency operation at 95 and 141 GHz. By use of
an aligned single crystal of cupric sulfate pentahydtatalcanthit¢ CuSQ,- 5H,0, we show that

the spectrometer is capable of EPR line shape analysis from 4 to 200 K with a satisfactory fit to a
Lorentzian line shape at 100 K. Below 100 K, we observed line-broadegisgifts, and spectral
splittings, all consistent with a known low-dimensional phase transition. Using SQUID
magnetometry and a superconducting magnet, we improve by an order of magnitude the sensitivity
and magnetic field range of earlier power saturation studies of GUEHO. We were able to
saturate up to 70% of the magnetic moment with power transfer saturation studies at 95 GHz, 3.3 T,
and 4 K and obtained the spin-lattice relaxation timigs= 1.8 ms, of CuS@ 5H,0 at 3.3 T and

4 K. We found an inverse linear dependencel gfin units of secondsgs) at 3.3 T between 4 and

2.3 K, such thatT;=0.016 K-s+1-0.0022-s, wherer is the absolute bath temperature. The
quantitative determination of EPR is difficult with standard EPR techniques, especially at high
frequencies or fields. Therefore this technique is of considerable viah@: 10.1063/1.1808893

. INTRODUCTION figurations. In the first® the sample is contained within a
resonant cavity and the change in quality fadiQy is mea-
High-frequency electron paramagnetic resonaldE—  sured, from which the imaginary componegt, of the mi-

EPR is proving itself to be a powerful technique for the crowave susceptibility is determined, or the change in reso-
characterization of magnetic material§.It can be used for nant frequency of the cavity is measured from which the real
accurate and sensitive measurements of spin Hamiltonion pgomponenty’ is derived. The second configuration is a
rameters such as the hyperfine fi¢k), Landeg tensor(g), single-pass or transmission measurement where the sample is
which tend to scale as the applied magnetic figh, spin  mounted inside a waveguide and the change in transmitted
exchange energgd), spin—spin interactions due the crystal- radiation power is measured as a function of the swept mag-
line field (D), chemical and magnetic structure, electron spinnetic field*° The former has the advantage of high sensitiv-
density, spintronic material properties, and evaluation of raity and discrete observation gf andy”, whereas the latter
diation dosage or dosimet?W here are currently many labo- has the advantage of ease of use, especially for multifre-
ratories that specialize in development of HF-EPRquency measurements. Here we describe a transmission-type
systems;® and a commercial spectrometer is available op-approach.
erating at 95 GHz. These instruments generally characterize The method uses standard SQUID magnetometry to
EPR by means of phase-lock detection of radio frequencyneasure the magnetic moment, expressed as the molar sus-
(rf) fields using Schottky diodes and bolometry, which haveceptibility y (in units of n#/mol), which, for a paramagnetic
inherent problems for quantitative analysis. Here, we dematerial is given by
scribe instrumentation in which EPR is characterized by
means of the quantitative observation of the change in mag- M C o
a :

netic moment due to microwave stimulation using a sensitive X = T-0

magnetometer based on a superconducting quantum interfer-

encle deV'CQSIQHUII:D)I'EPR . ; d usi ft whereM is the molar magnetization in A#hmol, H is the
n general, HF— IS performed using one ot tWo CoN-5,yjieq dec magnetic field in A/nGC is the Curie constant in

m3 K/mol, T is the bath temperature, amthe Curie—Weiss

¥Electronic mail: bcage@boulder.nist.gov temperature, both in units of kelvins.
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upon application of '[h(Hl field at resonanceyl, is reduced FIG. 1. The experimental setup for guantltatlve high-field and high-
2 -1 . . I’ft% frequency EPR by use of SQUID detection.

by [1+(yeuoH1)= - T1-To] . Previous experimentsthat used

a vibrating sample magnetometer and a microwave cavity at

14.5 GHz redUCE(j( by 96% and obtained a value ffb'li of Semb|y, Cryostat’ magnet' and SQU|D p|Ckup |OOpS, as la-
~40 ms. Here, we build upon this work and use SQUIDpeled. Brass tubing represents a compromise between good
magnetometry and a superconducting magnet to increase thgicrowave transmission and thermal insulation. A home-
sensitivity by at least an order of magnitude, a sample thenade transition from coin-silver rectangudband WR-15
size of 6 mg instead of 100 mg, and an applied magnetigyaveguide to the circular brass waveguide was formed by
field of 5 T instead of 0.5 T, and examine the field depen—rjlling a 0.125 diameter hole into one end of a 2 in. piece of
dence of the spin-lattice relaxation time. There have beel.pand(50-75 GHz waveguide with UG-385/U flanges on
experiments using a SQUID to examine the enhanced magyoth ends, and then soldering the brass tube into the drilled
netic rltlalaxauon of Zmolecular nanomagnets in a resonarfole. This then allows conventional microwave assembly to
cavity;" other work? uses a complex setup of micro-Hall pe mated to the undrilled flanged end. In general, oversized
bars and a dilution refrigerator at millikelvin temperatures towaveguide(hence, theV band, as opposed té-band fit-
examine the photon-assisted tunneling of the nanomagnghgs) was used for HF-EPR studies to minimize microwave
Feg; and very recently, field swept EPR using microsquids agttenuation and allow for a wide frequency range. As shown
low temperatures<1 K on theS=1/2molecular system ¥ in Fig. 1, the probe is connected to, by use of flanges, a high
as well as a preliminary report on §et temperatures frequency >70 GHz microwave sourcdin this case a
<1 K**¥The design outlined here uses widely available4oo mw(as measured by bolomejr9s GHz or a 141 GHz
commercial products to obtain field sweptantitativeEPR  commercial klystroh through a 95 GHz isolator to prevent
spectra over a large range of temperatuf@$8-200 K,  reflections into the klystron, W-band attenuator for satura-
magnetic field(0—5 T), frequenciegup to 141 GHz and  tjon studies, and a directional coupl@n this caseV band to
explicitly obtains T lifetimes of $:1/2 systems as a function mjinimize loss. A detector/mixer at the coupled port moni-
of the absorbed microwave poweincey is generally con-  tors the frequency and reflected/incident power. The other
sidered to be a bulk parameter, whereas traditional EPR is @nd of the three-port directional coupler was connected to the
local probe, this technique may be complementary to botiyaveguide transition.
traditional EPR and susceptibility studies. The whole probe assembly is mechanically oscillated
parallel to the waveguide axis by a stepper motor through the
SQUID loops in order to obtain the magnetic moment. The
SQUID magnetometer technique is detailed in Ref. 15. Note
We used a commercial SQUID magnetometer capable ahat this probe design would be effective for basic Faraday
field sweeps from O to 7 T and temperature sweeps oéxtraction of the magnetic moment as well for vibrating-
1.8—400 K. This initial probe design was manufactured withsample magnetometty, which may allow for access to
a view to ease of integration into the existing commercialhigher magnetic fields.
magnetometer. Figure 1 shows the experimental setup. The The background magnetic moment of the probe is 2
hollow stainless steel tubing used for sample mounting for< 10°® A m? at 4 K, which is a factor of 30 below that of
susceptibility studies was, in fact, appropriately sized for theCuSQ,- 5H,0. The SQUID magnetometer pickup loops form
75-110 GHzW band, and calculations determined that thea second-order gradiometer, and therefore the sample holder,
fundamental TE; mode propagates from64 to 110 GHz. with the sample in the middle, should be homogenous
However, stainless steel is very lossy, so we replaced it witlthroughout the oscillation length. In order to approximate a
thin-wall round brass tubing, labeled “round waveguide” of uniform background from the waveguide sample holder, we
the same approximate dimensiai3s175 mm outer diameter attached an extension tgiabeled balancing waveguide in
by 2.54 mm inner diametgrand 125 cm in length to inte- Fig. 1) to the end of the waveguide.
grate into the existing system of stepper motor, airlock as- Figure 1 shows that our measurements utilize the Fara-

Il. EXPERIMENT
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The spin Hamiltonian for DPPH can be represented by
7687 v=95.510 GHz
icrowaves T=5K
off | H=pugg-moH -S+1-A-S, (3
= 1
g 7.650 /Microwaves “ v = 141 GHz
o on——
~§ T 4 \ g 0 whereug is the Bohr magnetory is the Landég tensor,H is
i AuH ] 9 T the applied Zeeman fiel& and| are, respectively, the elec-
=o*_‘5 I;f.r—>‘1 ,_ w12 tronic and nuclear spin operators, afids the hyperfine in-
7.630 1 ul T son ke teraction tensor. In the solid state as a concentrated system,
1"' g wHM the second term has been shown to be averaged out by spin
sa00  3d0s 3410 ads exchange, so that we are only interested in the field-
’ : H(1:) ) dependent Zeeman interaction, resulting in the well known
l‘ll)

resonance conditiohv=gugugH, whereh is Planck’s con-

FIG. 2. Magnetic susceptibilityy, as a function of swept field for a well- stant andv is the microwave frequency' At |OW f_requen_mes
ground powder sample DPPH at 50 K. The main figure, trianglesshow <20 GHz, a powder_ sample of D_PPH_ exhibits a single
the constan. Upon application of 95 GHz microwave stimulation, squares exchange-narrowed line whose width is of the order of

(W), there is a minimum, labelegl,, and a minor peak, labelgg. Theinset  0.1-0.2 mT; for some samplestensor anisotropy will re-
shows the corresponding as a function of swept field at 141 GHz; line

broadening appears to reduce the expected enhanced resolution @f thes¥JIt in line StrUCt,ure at, higher frequencféjse' In Fig. 2, the
tensor. triangle data points with no applied microwaves show the
expected constant value gfas a function of magnetic field.
day geometry in which the microwave propagation is paraIIeIUpon mlcrowave.|rrad|at|on at 95.510 GHZ’ aminimum and
to the static magnetic field. We currently estimate by meané small shouldgr iy are observed. We attribute this strycture
of variable attenuators and a network analyzer that this prob® 9-t€nsor anisotropy at 95 GHz and 50 K. We assign the
has about 6 dB of attenuation from the source to the sampl&@in peak labeled, to those crystallites whose magnetic
which results in 100 mW of power incident on the sample a@XIS iS perpendicular to the applied field, and assign a minor
95 GHz, at room temperature. The temperature dependen®&aK. labeled, to those crystallites whose magnetic axis is
of the attenuation is under investigation. The sample mas&igned parallel to the applied Zeeman field. Here, we take
for these experiments was 6 mg. The sample filled the entiré/3d. +1/39; as a field marker to correspond to theband
diameter of the waveguide and was approximately 3 mm ifSOlropic value ofgi,,=2.0036. We then obtaig, =2.0039
length. The sample oscillation amplitude was 4 cm to mini-f'jlnd gH:,Z'OOZS’ Wh'Ch is in good agreemept W'th early an-
mize line broadening due to magnetic field inhomogeneity!SOtroPIC observatiorfsat 250 GHz. For a discussion on the
Each value of the magnetic moment was averaged four timg&ehavior of DPPH at high fields please see Ref. 16. The
at constant field with the magnet in persistent mode. All val-halfwidth (as indicated by the arrowsf theg, transition is
ues of y to be reported here represent these for the sampl@9 MT. The signal-to-noise ratiG/N) defined here as the
and probe, no corrections have been made for backgrourf§@ximum signal divided by the standard deviation of the
contributions, which results in an estimated absolute error foPaseling, is 12.300. If we define the minimum number of
x in the second figure for both samples. Further experimentd€tectable spins as that which gives a S/N of 3:1, then for
with background subtraction and comparison with convenihese conditions, a powder spectrum of lines of 1 mT at
tional SQUID results should dramatically reduce this uncer50 K With four scans per point would be 0spins per
tainty. Our relative resolution of the magnetic moment is a0-1 mT. These data show that 0.0009 T resolution in a

least 5 107 A m?2 (5% 10°° emu). 3.3000 T field can be obtained for concentrated spin systems
by using this technique. Further experiments utilizing known
IIl. RESULTS AND DISCUSSION narrow lines of single aligned crystals at high frequencies

would be necessary to determine the absolute resolution and
sensitivity at these fields and temperatures.

We investigated whether this technique can yield a cor-

In Fig. 2 we show quantitative multifrequency HF—EPR responding increase in the resolution of théensor as de-
by use of SQUID-EPR. For this example we choose thescribed by Eq(3) at the highest fields. The inset to Fig. 2
popular commercially available EPR standard 2,2-diphenylshows the EPR spectrum at 141 GHz and 5 T, and we ob-
1-picrylhydrazyl(DPPH) free radical. The utility of DPPH at serve a line broadenin@\H,,,=1.8 mT). Hence, the princi-
high fields and frequencies is subject to some detfaté, pal components of thg tensor are not readily differentiated.
due, in part, to variations in commercially available DPPHWe mainly attribute this line broadening to field inhomoge-
chemical analogs, spectral dependence on chemical preparaeity across the sample path. However, at the least, we have
tion (i.e., solvent of recrystallization and the presence of established, a resolution of 0.0018 T in an applied field of
phase ftransitions at somewhat high temperatureS T, which is consistent with the specified magnet homoge-
(10-50 K).*® We found that our sample, unground, pos-neity of 10 parts in 1 cm diameter spherical volume.
sesses a maximum in the susceptibility at a temperature @ingle-crystal measurements and smaller scan lengths may
about 10 K. improve the resolution at these higher fields.

A. Multifrequency quantitative HF-EPR: Powder
spectra of DPPH
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FIG. 4. The temperature dependence of the EPR halfwitlth,,, labeled
%H m as square¢ll), and the relative line-shiftAH,,), indicated by circleg®).
These data indicate that this technique is well capable of EPR characteriza-
FIG. 3. SQUID-EPR of a single aligned crystgE=2.08 of CuSQ,-5H,0 tion of an aligned, single, crystal over a wide temperature range.
as a function of temperature with=95.610 GHz. The main plot, lower to

upper, shows that spectral splitting develops as the temperature is lowered . . . . ?‘h
from 10 to 4 K. We attribute this to a known low-dimensional phase tran-Onset of low-dimensional antiferromagnetic ordefirig one

sition around 1.5 K that removes the magnetic equivalence of thé Cu of the Cu™ sublattices.
e ety e copomon s e 3 o FIGUrE & shows the fnewich o hlfminimustyz of
ziai ?i?,ui?]diﬁat?ng that thisptechnique is ce{pable of discrete EPR line shap&he main peak of copper sulfate as_ a fUthIOﬂ of temperature
analysis. from 200 to 10 K (squares The linewidth is somewhat
constant above 100 K, but begins to broaden below 100 K.
The circles in Fig. 4 show corresponding shifts in the reso-
B. Single-crystal SQUID-EPR of copper sulfate as a nance positiomMHjne_shie OCCUN, as a function of decreasing
function of temperature temperature. The observation of broadening and resonance
shifts is consistent with the presence of internal demagnetiz-
In this section we demonstrate that SQUID—EPR is useing fields or short-range order effects preceding a phase
ful as a general HF—EPR tool by characterizing the temperatransition?® These data indicate that this technique is capable
ture dependence of thed3 S=1/2, CuSQ-5H,0 system. of EPR line shape and line-shift analysis as a function of
The crystal structuf@ indicates that there are two unequiva- temperature up to at least 200 K.
lent Cu™* ions in the triclinic unit cell. The geometry of each

is nearly octahedral, the structure consisting of four wateiC. Power transfer studies of T, at 3.3 T and 95 GHz
molecules in a plane and two oxygen atoms; the angle be- \va a1s0 built on previous work done by cand8izo

tween the planes of water molecules of the two ions is 82°further characterize the CugGH,0 system and demon-
The Cu™ ions form two mdependentﬂr_nzggngtlc systems Withgyrate the determination oF, by saturation methods using
an exchange interaction 6¥10 GHz™*"This results in a  goy|D-EPR at high magnetic fields. The temperature and

single exchange-narroyved I_ine_g_th@ band (~9 G_HZ)7 field dependence of the spin lattice relaxatibpare com-
which for the proper orientatiofis23is then resolved into a posed of three general mechanisms sucihat
doublet at higher frequencies. Here, we orient the crystal

such that the copper ions are magnetically equivalent, where T1 - =AHT + BT+ C exp(- A/KT). (4)

the applied magnetic field is perpendicular to both magnetiqhe first term is the direct process, where the energy emis-
easy axe§’ > The orientation was accomplished by using sion is through one phonon amds generally equal to 2 for
Refs. 20-23, which outline the crystalline and magnetica non-Kramer’s ion(integer spin, or 4 for a Kramer’s ion
structure and iterative adjustments of the crystal orientatiofhalf-integer spiin The second term is the Raman mecha-
until g, =2.08 was observed. The inset to Fig. 3 shows anism, a two-phonon process via an intermediate magnetic ion
single line at 100 K with a linewidthAH,,=7.5 mT. The virtual state, and/ can take values of 5, 7, or 9; therefore,
squares are the data points and the drawn line is a satisfathis mechanism is dominant at higher temperatures. The third
tory fit (R=0.99 to a Lorentzian line shape, consistent with term is the Orbach process where a two-phonon process oc-
the Bloch formalism of Eq(2). This fit shows that discrete curs via a real state with an excitation enemyy At low

EPR linewidth analysis is achievable by this technique(liquid helium) temperatures the direct process is dominant,
something that is not so true of conventional HF—EPR transand here we adopt the formalism of Cand&knd Bolgef’
mission studies where admixtures of the real and imaginaryith the assumption that the relaxation process can be de-
components of the alternating current signal render suckcribed by a single longitudinal relaxation time that is much
guantitative studies difficult. The main figu¢gig. 3) shows slower than the transverse relaxation tirfig, as well as all

the EPR at 10 and 4 K. The lines have broadened and begwiher processes such as spin exchange, spin diffusion, and
to split into multiple components. We attribute this to thelattice-bath heat transfer. Based on these assumptions it has
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0.7 tion of inverse temperature, and, in agreement with earlier
' T=4K q work,* a linear fit is obtained in the region of 4—2.3 K with

0'61 v=95.301 GHz g a dependence oh, of T;=0.016 K-s-71-0.0022-s, where

05 T,=1.8ms 7is the bath temperature in kelvin, indicating a dominance of

the direct relaxation process outlined in Eg). We also
investigated(1-R) as a function of temperature at 141 GHz
and 5.5 T, and found that, was linear between 2.5 and 4 K
and saturation levels of up to 40% were obtainable. These
results indicate that this technique is capable of determining
the temperature and field dependences of the spin-lattice re
laxation time ofS=1/2 systems at high magnetic fields and
microwave frequencies.
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