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Magnetic noise of a frozen ferrofluid

The magnetic noise of a frozen ferrofluid made of maghemite nanoparticles dispersed in glycerin is measured using a two-dimensional electron gas based quantum well Hall sensor ͑QWHS͒ with the spinning current technique. The frozen ferrofluid shows a superspin glass transition at 67 K. Below this glass transition temperature, the relation between the imaginary part of the ac susceptibility of a bulk ferrofluid sample and the magnetic noise measured with the QWHS gives an indication of a violation of the fluctuation dissipation theorem. © 2010 American Institute of Physics. ͓doi:10.1063/1.3366613͔

I. INTRODUCTION

Understanding the collective behavior of nanomagnet assemblies is an important problem for statistical physics as well as for applications such as magnetic storage, spintronics, magnetic sensors, and biomedicine. Magnetic noise measurement is a remarkably useful way to understand the microscopic dynamics of interacting nanomagnets because it directly reflects the fluctuations of the magnetic moments. At equilibrium, the magnetic fluctuations are related to the response to a small field through the fluctuation-dissipation theorem ͑FDT͒: Љ ϰ Sf / T, where Љ is the dissipative part of the magnetic susceptibility, S is the magnetic noise power spectrum, f is the measurement frequency, and T is the temperature. A frozen "ferrofluid" consists of monodomain nanomagnets suspended in a solid matrix ͑in our case, frozen glycerin͒. The individual nanomagnets have a large magnetic moment of the order of ϳ10 4 B , and thus it is called "su- perspin." When the nanomagnets are sufficiently concentrated at low enough temperature, long-range dipolar interactions among them produce spin-glass behavior ͑aging, memory, etc.͒. 1 The system is thus called a "superspin glass."

In the 1990s, theoretical investigations of the spin and structural glasses relaxation through dynamical studies started and allowed to make some predictions on the nature of the violations of FDT, which could be expected in such out-of-equilibrium systems. 2 In particular, the concept of "effective temperature" ͑T eff ͒, which allows to extend the FDT to the off-equilibrium state was proposed. It is defined by Љ ϰ Sf / T eff , with the same proportionality factor as that at equilibrium.

These FDT violations have also been experimentally investigated for a few structural glasses 3 and one spin glass system 4 at temperatures lower than the glass transition temperature where the system is off equilibrium. The system then shows aging, which is an evolution toward its equilibrium state with time. Although spin glass is one of the most studied glassy systems, the FDT violation in spin glasses has been measured for only one system due to the difficulty of detecting extremely small noises ϳ10 -7 G. 4 To overcome this problem, we have measured the magnetic noise of a frozen ferrofluid in the superspin glass state with a high resolution two-dimensional electron gas ͑2DEG͒ based quantum well Hall sensor ͑QWHS͒. The left panel in Fig. 1 shows the optical micrograph of the QWHS. Note two advantages of using a superspin glass and QWHS. First the large susceptibility ͑real part of ac susceptibility Ј and imaginary part of ac susceptibility Љ͒ of superspin glasses 1 ensures a large noise power. Second the distance from the 2DEG layer to the sample is ϳ1 m, thus the measured magnetic noise is much larger than that of the bulk sample measurements using superconducting quantum interference device ͑SQUID͒ sensor because the magnetic field of the nanomagnets decreases with the distance r as 1 / r 3 . 5

II. EXPERIMENT

We use a QWHS based on pseudomorphic AlGaAs/ InGaAs/GaAs heterostructures. [6][START_REF] Mosser | Proc. SPIE[END_REF][8] The nominal Hall cross a͒ Author to whom correspondence should be addressed. Electronic mail: katsuyoshi.komatsu@cea.fr. area of ϳ2 ϫ 2 m 2 ͑estimated effective area ϳ1.6 ϫ 1.6 m 2 ͒ is located ϳ1 m ͑according to the maker's design specification; estimated real distance is ϳ650 nm͒ beneath the probe surface. We also use the spinning current technique, which simultaneously suppresses the low frequency noise and the Hall voltage offset. This is achieved by switching the current injection and the voltage detection directions at a spinning frequency f spin . In our experiment, f spin = 1 kHz. The effectiveness of this method has been recently reported by Kerlain and Mosser. 8 Using this technique, we achieve a sensitivity of ϳ2 mG/ ͱ Hz at 0.01 Hz and at temperatures ranging from 20 to 85 K.

The ferrofluid used in this experiment is made of maghemite ␥-Fe 2 O 3 nanoparticles dispersed in glycerin with a volume fraction of 15%, prepared following the method of Ref. 9. The nanoparticles average diameter and magnetic moment are 8.6 nm and 10 4 B , respectively. A small 200 pl drop of ferrofluid was deposited directly on the probe surface. At low temperatures below 190 K, the fluid ͑glycerin͒ is frozen and the only remaining magnetic degree of freedom is that of the particle magnetic moments. These moments ͑superspins͒ interact through magnetic dipolar interactions leading to a superspin-glass transition at the temperature, T g Ϸ 67 K. 10 The detailed characteristics of the sample can be found in Ref. 10. The dc and ac susceptibilities of the bulk ferrofluid ͑approximately 1.5 l͒ were measured with a commercial SQUID magnetometer.

III. RESULTS AND DISCUSSION

Prior to measuring the magnetic fluctuation signal of the frozen ferrofluid, we characterized the Hall voltage noise spectra of a pristine Hall probe at various temperatures. Subsequently, the small drop of the ferrofluid was deposited on the probe and cooled down to temperatures ranging from 20 to 85 K. The right panel of Fig. 1 shows the optical micrograph of the ferrofluid dropped on the surface of the QWHS. The ferrofluid is liquid at room temperature but is frozen by cooling below 190 K.

The left panel of Fig. 2 shows the power spectrum density of the frozen ferrofluid ͑denoted by open symbols͒ obtained by subtracting the Hall probe noise ͑cross symbol͒ from the total power spectrum density ͑filled symbol͒ as a function of frequency f, at 45 K in zero applied field. The right panel of Fig. 2 shows the power spectrum density of the ferrofluid at various temperatures between 20 and 85 K. It exhibits an almost 1 / f dependence in the frequency range from 0.08 to 8 Hz. Here the power spectrum density was averaged over about 1 h after waiting for the temperature stabilization cooling from 85 K ͑about 10 min͒. The left panel of Fig. 3 shows the temperature dependence of the magnetic zero-field-cooled and field-cooled susceptibilities for dc measurement and Ј and Љ for ac measurement with a SQUID magnetometer measured at temperatures from 5 to 200 K. The measurement field was 1 Oe, which is sufficiently small for the linear response, for both dc and ac measurements. If the power spectrum density S, obeys FDT, then Љ ϰ Sf / T should hold. The right panel of Fig. 3 shows Љ of the bulk sample plotted as a function of Sf / T for various temperatures and frequencies. The solid line indicates the linear relation corresponding to Љ ϰ Sf / T, which is true only in the high temperature region above T g , where the system is in the equilibrium ͑super͒paramagnetic state. Interestingly, the plots deviate from this equilibrium line at temperatures below T g where the system is in the out-of-equilibrium ͑su-per͒spin glass state. This deviation, therefore, can be considered as an indication of the FDT violation below T g . A beyond-doubt confirmation of the existence of the FDT violation should be obtained through further investigations using various samples, other QWHS's detectors and improved experimental procedures ͑e.g., waiting time dependence͒.

IV. SUMMARY

In summary, using a 2DEG QWHS with spinning current, we succeeded in measuring the magnetic noise of a frozen ferrofluid that shows a superspin glass transition at T g = 67 K. Below T g , the relation between the imaginary part of the bulk ferrofluid sample ac susceptibility and the magnetic noise measured with the QWHS indicates a possible violation of FDT. Further studies, by this same method, of the nonequilibrium dynamics of the ferrofluid, such as aging effect are under development. 
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FIG. 1 .

 1 FIG. 1. ͑Color online͒ Left panel: Optical micrograph of the 2DEG Hall microsensor. Right panel: Optical micrograph of the same microsensor with the ferrofluid drop on its surface.

FIG. 2 .

 2 FIG.2. ͑Color online͒ Left panel: Power spectrum density of the frozen ferrofluid ͑open symbols͒ obtained by subtracting the Hall probe noise ͑cross symbol͒ from the power spectrum density which contains both of them ͑filled symbol͒, as a function of frequency f, at 45 K in zero applied field. Right panel: The power spectrum density of the ferrofluid at various temperatures from 20 to 85 K.
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