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MAGNETIC CHARACTERIZATION OF A HYDROGEN PHASETRAPPED INSIDE DEEP DISLOCATION CORESIN A HYDROGEN-CYCLED PdHx (x � 4:5 � 10�4)SINGLE CRYSTALA. G. Lipson a;b *, B. J. Heuser a, C. H. Castano a, B. F. Lyakhov b, A. Yu. Tsivadze baUniversity of Illinois at Urbana-Champaign, Department of Nulear, Plasma and Radiologial EngineeringUrbana, IL, 61801, USAbInsitute of Physial Chemistry and Eletrohemistry, Russian Aademy of Sienes119991, Mosow, RussiaReeived Marh 23, 2006The magneti haraterization of Pd single rystals deformed by yling in a hydrogen atmosphere has been per-formed. Based on evidene obtained from thermal desorption analysis, it is shown that the ondensed hydrogenphase formed inside deep disloation ores in PdHx (x = H/Pd � 4:5 �10�4) is tightly bound with a Pd matrix.The ativation energy of hydrogen desorption from these ores was found to be as high as e = 1:6 eV/H-atom,suggesting the ourrene of a strong band overlapping between Pd and H atoms. SQUID measurements arriedout in a weak magneti �eld (H < 5:0 Oe) showed an anomalous diamagneti ontribution to the DC and ACmagneti suseptibilities of the PdHx sample at T < 30 K resulting in the presene of the hydrogen phase. It issuggested that the anomalous diamagneti response in PdHx is aused by the presene of a hydrogen dominantphase, tightly bound with a Pd matrix inside the disloation ores (�nanotubes�).PACS: 74.78.Fk, 74.10.+v, 61.72.-y1. INTRODUCTIONThe study of the trapping and interation of hydro-gen atoms inside metalli nanostrutures (disloationores and �nanotubes�) is important in order to inreasethe e�ieny of hydrogen storage in metals (e.g., palla-dium) as well as to promote eletron transport applia-tions in nanotehnology [1; 2℄. Reently, Ashroft haspresented arguments that hydrogen-dominant metal-li alloys, partiularly dense hydrides of the IVagroup, might demonstrate high-temperature superon-dutivity (HTS) even in a modest external pressurerange [3℄. This argument is based on the similar-ity of the eletroni strutures of hydrogen-dominantmetal alloys and of the superondutor MgB2 [4℄. A-ording to Ashroft's reasoning, HTS of highly loadedmetal hydrides must be due to the overlapping ofmetal � hydrogen bands. The high eletron onen-tration and optial phonon energy result in a strong*E-mail: lipson�uiu.edu

eletron�phonon oupling. The advantage of hydrogen-dominant hydrides for ahieving HTS is that in a hem-ial sense, they have already undergone a sort of �pre-ompression�, and one impelled by external pressureenter into the metalli phase, the eletrons from boththe hydrogen and the metal may partiipate in ommonoverlapping bands [3℄.There is another approah to ahieve a ompressed,metal hydride state with a high oupling onstant thatmay serve as a model alloy to searh for HTS inhydrogen-dominant metalli systems. Heuser et al., us-ing a small-angle neutron sattering (SANS), showedthat disloations reated at Pd �lm hydrogen ylingare strong abundant traps of interstitial hydrogen [5; 6℄.The onentration of hydrogen (x is an atomi ratioH/Pd) near the disloation depends on the hydrogendistribution with respet to the distane from the oreor on the hydrogen binding energy [5; 6℄. After ylinga Pd single rystal �lm with deuterium gas, a largenumber of disloations (Nd � 2 � 1011 m�2) were gen-442



ÆÝÒÔ, òîì 130, âûï. 3 (9), 2006 Magneti haraterization of a hydrogen phase : : :erated [5℄. Without annealing, the residual hydrogenleft in the Pd sample (x � 5:5 � 10�3), whih exists inan �-phase with a onentration of 4�5 deuterons per1Å of the disloation line [6℄. This level of residualhydrogen was assoiated with the low hydrogen bind-ing energy "H = 0:2 eV. However, a smaller amountof residual hydrogen atoms (x � 10�4) was found tohave a remarkably higher binding energy "H � 0:7 eV.In this ase, most absorbed hydrogen atoms are tightlybound inside the deep disloation ores [7℄.Reently, Maxelon et al. [8℄ have found that theradius RH of the residual hydrogen distribution withrespet to disloation ore is strongly a�eted by theonentration of hydrogen atoms. They have shownthat RH is redued from 13 to 4.9Å with a dereasein x from 1 � 10�2 to 1:7 � 10�3. At lower x, the mini-mal value of RH � b = 2:75Å (where b is the Burgersvetor) might be antiipated.The deep disloation ore �lled with hydrogenatoms ould be regarded as a sort of a nanotube with ane�etive diameter of about two Pd Burgers vetors [8℄.Moreover, it is implied that within the deep disloa-tion ore (RH < b), the loal hydrogen onentrationmight be large enough to provide the ability of over-loading the Pd beyond x = 1 [9℄. The pressure insidethe ores of edge disloation is omparable with a lo-al palladium bulk modulus (up to 120 GPa [10℄) andthe onditions of both hydrogen preompression andexternal pressure impelling are ful�lled. This is the ba-sis for the above statement that a ompressed metallihydride state or quasimetalli hydrogen phase [11�14℄an be obtained via an alternative route, by trapping atdisloation ores in deformed Pd. The eletron proper-ties of saturated ompressed Pd hydrides have not beenstudied previously beause these ompounds are unsta-ble at ambient onditions [15; 16℄. However, anomaliesin the eletron transport and magneti properties inhighly loaded Pd hydrides (inluding H-yled Pd om-pounds) below 300 K have been reported [17�19℄.At least above 3.0 mK annealed Pd-metals do notshow superondutivity [15℄. In ontrast, Pd hydrideswith the loading ratio x > 0:8 are superondutors witha relatively high T [20℄. The importane of inreasingthe loading from x = 0:81 to x = 1:0 resulted in adramati growth of T in the Pd hydrides (from 1.5to 8�9 K [21; 22℄). Although the superonduting ef-fets in Pd hydrides are not fully explained yet, it issuggested that their superondutivity is based on astrong eletron�phonon oupling to the optial modesand requires a suppression of the spin �utuation inthe Pd lattie and sd-hybridization of hydrogen andPd eletrons [16℄.

If the state of the ondensed hydrogen phase in-side the disloation ores were a hydrogen dominantmetalli alloy, the diamagneti behavior of this phase,although a�eted by the magneti ontribution of thepalladium lattie and impurities, would be antiipatedat a low temperature [11�13℄. On the other hand, inthe hydrogen-dominant Pd disloation ores in Pd, theonditions required in Ref. [3℄ seems to be ful�lled: suf-�ient pressure, strong eletron�phonon oupling, andhigh loal optial mode energy. This suggests the o-urrene of a superonduting transition above the rit-ial temperature of the bulk PdHx measured at ambientonditions [18; 19℄. However, the observation of suhtransition from a hydride phase inside the disloationson�ned into Pd matrix ould be feasible when two ref-erened onditions to disloation network are satis�ed:1) there is a su�iently large number of disloationswithin the Pd rystal that ontain tightly bound om-pressed hydrogen; 2) the network of disloations is or-ganized in the form of losed loops [23℄, whih an arrya persistent urrent [24℄.In this work, we studied the strutural and magnetiproperties of PdHx with the very low average loadingratio hxi � 4:5 � 10�4 that was produed by yling thepure Pd single rystal in a H2 atmosphere with �nalannealing at t = 300 ÆC. Thermal desorption analysis(TDA) showed that the residual hydrogen preipitatesas a ondensed phase within the deep disloation ores.Magneti measurements reorded the appearane of astrong diamagneti ontribution of the net PdHx�Pdphase in the Pd matrix at T < 30 K (in a weak mag-neti �eld H � 5:0 Oe), and an antiferromagneti be-havior in the higher magneti �eld. The thermal des-orption analysis and magneti measurements togethersuggest that the disloation nanotubes in the hydrogen-yled Pd sample ontains a diamagneti ondensed hy-drogen/Pd hydride phase at low temperatures.2. EXPERIMENTALTo exlude the e�et of impurities on the magnetiproperties of the PdHx system, a 99.999% pure Pd sin-gle rystal produed by Metal Crystals and Oxides ofCambridge, UK was employed in this work. The ylin-drial ingot was grown using the Czohralski methodwith the [110℄ axis, the length 10 m, and the di-ameter about 1.0 m. The sample with dimensions2:7�2:7�0:6mm3 and the weight 52 mg was ut fromthe as-grown ingot by using a low-speed diamond sawand mehanially polished to remove surfae irregular-ities. Then, this single rystal was annealed in a high443
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Fig. 1. Thermal desorption spetra for the Pd singlerystal: urve 1 orresponds to Pd(bgr) before H2 y-ling and urve 2 to PdHx(fg) after H2 ylingvauum (p = 10�8 Torr) at the temperature 800 ÆCfor 5 h. The annealed pristine Pd single rystal servedas a referene and is labeled the �Bakground� sample,or �bgr�, and the appropriate TDA and magneti mea-surements were onduted on this sample prior to thehydrogen yling.In order to reate a ondensed hydrogen phase inthe Pd sample, a H2 gas yling proedure was applied.The sample was loaded and degassed twie. The pris-tine Pd (bgr) sample (after TDA and magneti mea-surements) was loaded at pressure 930 Torr at temper-ature 390 K and degassed in a vauum of 10�6 Torrat temperature about 400�430 K. After the yling,the PdHx sample was subjeted to a �nal annealingat temperature 570 K and pressure 10�8 Torr for 2 h.This post-yled PdHx rystal is labeled �Foreground�sample, or �fg�.A high-vauum thermal desorption tehnique wasused to estimate the residual hydrogen onentrationin the H2-yled Pd sample. The sample was heatedwithin the 20�900 ÆC temperature interval in the lin-ear regime, at the rate of 9.0 K/min in a high-vauum(10�8 Torr) hamber of a quadrupole mass spetrome-ter. After analyzing the desorption speies (Fig. 1) andomparing the yield with the data from the Pd(bgr)(taking the residual hydrogen bakground in the va-uum hamber into aount), we were able to alulatethe real hydrogen desorption peak area and the tem-perature of its maximum. It was found that the bak-ground hydrogen desorption pressure (Pd(bgr) sampleplus the residual hydrogen in the hamber) was at least

5�10 times lower than the H2 pressure aused by thePdHx(fg) samples (Fig. 1, urves 1 and 2 ).For the quantitative estimation of the �nal aver-age loading ratios x = H/Pd, we onduted a speialalibration measurement with a known mass (0.3 mg)of TiH2 powder that has a deomposition tempera-ture near 400 ÆC. Comparing the hydrogen pressure inthe hamber obtained from the TiH2 powder with thePdHx, we obtained an estimation of the residual hy-drogen ontent in the H2-yled Pd single rystal.Magneti measurements were arried out with a1T-SQUID �Quantum Design MPMS-3� using DC-magnetization and AC-suseptibility modes. ThePd(bgr) and PdHx(fg) samples were plaed in a gelatinaligned in the diretion to the pik-up oil and ov-ered with a small piee of otton. The initial mag-neti moment of the apsule with a piee of otton, ina low magneti �eld H < 10:0 Oe was measured tobe M � 10�8 emu, well over the studied temperatureinterval (2.0�350 K).Measurements with a alibration magneti �uxgateshowed that without the appliation of the speialultra-low �eld ondition, the SQUID has the residualmagneti �eld �H � �0:2 G. Ultra-low �eld installa-tion with degaussing of the shielding produes an al-most zero �eld (the remanent �eld is less than 1 mG).In the DC-magnetization mode, the SQUID was al-ibrated with a Pd standard. It was found that thesensitivity of the SQUID with the apsule and sampleis higher than 5 � 10�8 emu. To measure the magnetimoment versus temperature in the zero-�eld ooling(ZFC) regime, the samples were ooled from T = 298Kto T = 2:0 K at H = 0 after installation of zero �eldat room temperature. The measurements of the M(H)funtion at onstant temperatures were arried out inthe automati regime. After the measurements of theM(H) urves at given temperatures were ompleted,the sample was heated at H = 0 to T = 350 K. Theooling of the Pd samples to the next temperature wasonduted at the nominal �eld H = 0 (without zero-�eld installation) after annealing the apsule at thetemperature 350 K for 10 min inside the SQUID.The AC measurement of the real and imaginaryparts of the suseptibility for the Pd samples wasarried out at H = 0 with the driving amplitudeh = 1:0 Oe and the magneti �eld frequeny f = 20 Hz.During this measurement, the samples were ooled to2.0 K at H = 0 without a speial zero-�eld installa-tion. Before the AC measurement with the Pd(bgr)and PdHx(fg) samples, the setup was alibrated in therange 2�10 K by using piees of high-purity Pb and Nbshaped similarly to the Pd samples.444



ÆÝÒÔ, òîì 130, âûï. 3 (9), 2006 Magneti haraterization of a hydrogen phase : : :3. EXPERIMENTAL RESULTS3.1. Hydrogen thermal desorption analysisThermal desorption analysis (TDA) performed withannealed Pd(bgr) samples in the temperature range 20�900 ÆC showed a total absene of any hydrogen des-orption peaks. The hydrogen pressure in the vauumhamber throughout the studied temperature intervalsdid not exeed 2 � 10�8 Torr (Fig. 1, urve 1 ). ThisH2 pressure value equals the residual hydrogen bak-ground in the hamber. Therefore, the TDA with theannealed Pd single rystals indiates that there wasno trapped hydrogen in the sample. Similar measure-ments performed for the PdHx(fg) sample showed anH2 pressure behavior at T < 700 ÆC that was similarto the Pd(bgr) sample (Fig. 1, urve 2 ). This obser-vation proves that there is no hydrogen (in �- or �-phase) in the regular lattie of the H2-yled PdHx(fg)sample. But at T > 700 ÆC, the hydrogen desorption(urve 2 ) inreased and the post-yled (fg) sampleprodued a pronouned peak with a maximum at tem-perature 870 ÆC. (We note that two urves shown inFig. 1 terminate at 920 ÆC. This is the upper limit ofthe TDA system.) The analysis showed that the H2pressure at 870 ÆC is about six times higher than thatobserved at the same temperature range in the bak-ground measurements. Integration of the H2 peak forPdHx(fg) (with the bakground subtration) and om-parison of its area with alibration data obtained forTiH2 powder allowed the estimation of the e�etiveloading ratio x = H/Pd averaged over the PdHx(fg)sample volume, as x = (4:5 � 0:5) � 10�4. The aver-aged value of x is smaller than expeted for any knownstable phase of Pd hydride [16℄. Considering that af-ter the H2 yling, the sample undergoes an additionalannealing at temperature 570 K, whih auses the de-omposition of the residual �-phase in the lattie [16℄,we assume that all remaining hydrogen deteted in theyled Pd single rystal is loated in the disloationsbut not in the regular lattie. Extrapolating the re-sults of SANS measurements performed in Ref. [8℄ forvarious residual hydrogen onentrations in Pd poly-rystals (x � 1:7 � 10�3), we estimate a radius RH ofthe residual hydrogen distribution with respet to dis-loation ores. At hxi = H/Pd = 4:5 � 10�4, the valueRH � 2:8Å is lose to the minimal radius of the hydro-gen apture in Pd (the Burgers vetor).In order to estimate the binding energy of hydro-gen within the Pd, the hydrogen ativation energy wasalulated. The formal kinetis Garlik �Gibson modelmay be used to estimate the kineti parameters of the

seond-order thermal ativation proesses by aount-ing for the rising edge of the hydrogen release peak [25℄:"H = kB T2T1T2 � T1 ln P2P1 ;where kB is the Boltzmann onstant, and P1, P2 andT1, T2 are two hydrogen pressure and temperaturepoints (T2 > T1 and P2 > P1). The result of thisanalysis is "H = 1:7 � 0:2 eV. It re�ets the e�etivebinding energy of trapped hydrogen in the Pd lattie.To verify this value of "H, another independentmethod was used to determine the ativation energy.In ontrast to the Garlik �Cibson model, this methodinludes the hydrogen di�usivity in Pd. Based on thesolution of the hydrogen di�usion equation (with re-spet to the hydrogen �ux J0(T ) spilling out of the Pdinto vauum) in a Pd single rystal [26℄ with the bound-ary and initial onditions (hydrogen onentration be-fore and after initial thermal desorption and peak tem-perature Tmax of thermal desorption), J0(T ) is �nallyobtained as [27℄J0(T ) = 2�D0C0L exp�� "HkBT ��� 1Xn=1n LZ0 sin(n�x=L) dxLZ0 sin2(n�x=L) dx �� exp264aD0"Hn2�2kBL2 "H=kBTZ�"H=kBT e�ww2 dw375 ; (1)where D0 is the preexponential fator of hydrogen dif-fusion in Pd [16℄, C0 is the initial onentration of hy-drogen in the sample (from before, x = 4:5 � 10�4), Lis the sample thikness (6 � 10�2 m), N is an index ofthe eigenvalue of the separation onstant in the solu-tion of the di�usion equation, and a = 9:0 K/min isthe heating rate at T0 = 296 K. Evaluating the �rst�ve terms of funtion (1) with respet to the ativationenergy, we found that "H = 1:6 � 0:3 eV an be usedto satisfatorily desribe the experimental peak withTmax = 1143 K (870 ÆC). This more aurate valueof "H is very lose to that obtained from the simplemodel [25℄.The magnitude of the ativation energy of hydrogendesorption that was found for the PdHx(fg) rystal iswell above the H-trapping ativation energy derived forH2-yled polyrystalline old-worked Pd that has an445
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Fig. 2. DC magnetization versus temperature at a) H = 0:5 Oe in the ZFC regime and b) H = 1000 Oe in the FC regime:urves 1 orrespond to Pd(bgr); urves 2 to PdHx(fg); and urves 3 are the net subtration �M = M(PdHx)�M(Pd)extremely low bulk hydrogen onentration apturedinside the deep disloation ores ("H � 0:7 eV) [6; 7℄.This provides us with a strong argument that the hy-drogen is bound solely inside the deep ore sites. Thus,the TDA results show that the hydrogen atoms aretightly bound inside the deepest disloation ores andan be fully removed only at very high temperatures(T � 1000 ÆC), whih would suggest a full rerystal-lization of the Pd sample. The TDA results allow usto onlude that PdHx samples that are produed byH2 gas yling of the Pd single rystals followed byannealing at T = 570 K ontain no hydrogen atomsin their rystalline lattie exept those that are tightlybound inside the deepest disloation ores (or �disloa-tion nanotubes�) of the minimal radius "H = 2:75Å.3.2. Magneti measurementsThe DC-mode ZFC experiment showed that in aweak magneti �eld (H = 0:5 Oe), the magneti mo-ment M of H2-yled PdHx(fg) samples in the tem-perature range 2 K � T < 50 K is signi�antlylower than M(T ) for the original Pd(bgr) single rys-tals (Fig. 2a). The di�erene between the momentsof the yled sample and the original single rystal,�M = M(PdHx) �M(Pd), re�ets the ontributionof the ondensed hydrogen phase inside the deep dis-loation ores. This net di�erene tends to inreaseat T � 30 K. There was no temperature dependeneobserved for the �M in the �eld-ooling (FC) measure-ments at high magneti �elds (H = 1000 Oe), Fig. 2b.The moment of the PdHx is about 4�5% lower than

that of the Pd(bgr) and a nearly onstant negative netdi�erene �M is deteted within temperature range2�298 K.The AC measurements showed that the real (in-phase) part �0 of the magneti suseptibility at H = 0for the PdHx(fg) sample tended to derease omparedto that of the Pd(bgr) single rystal below 130 K; ata lower temperature T � 20 K, it beomes severaltimes less than �0 for Pd(bgr), Fig. 3a. Therefore,the PdHx�Pd ontribution in �0(T ) was found to bestrongly negative at T � 18 K (Fig. 3), whih was sim-ilar to the �M(T ) behavior in the DC measurements(Fig. 2a, urve 3 ). The imaginary (out-phase) part �00of the magneti suseptibility for both the Pd(bgr) andPdHx(fg) samples showed some transition orrespond-ing to the dissipation proess below 60 K (Fig. 4b). Abroad maximum orresponding to the phase transitionnear 50 K was observed systematially in the earlierDC measurements with both bulk Pd and Pd-hydridesamples [28; 29℄. For the H2-yled PdHx(fg) sample,however, the magnitude of the eletromagneti energydissipation is three times less than that of the originalPd(bgr). This signi�ant redution in �00 ould possi-bly indiate either an inrease in ondutivity or theredution of the eddy urrent in PdHx(fg) ompared tothat of the pristine Pd sample.The measurements of the remanent magnetizationMr versus temperature at H = 0 were arried out af-ter FC from T = 300 K to T = 2:0 K in the on-stant magneti �eld H = 1000 Oe (Fig. 4). Boththe PdHx(fg) and Pd(bgr) samples showed a nonzero446
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Fig. 4. The remanent magnetization as a funtion oftemperature at H = 0 (after FC at H = 1000 Oefrom 300 to 2 K): urve 1 is for Pd(bgr); urve 2is for PdHx(fg), and urve 3 is the net subtration�Mr(T ) = Mr(PdHx) � Mr(Pd). The last one isshown in the inset in the enlarged saleremanent magnetization within the 2�300 K temper-ature interval. It was found that the Mr value forPdHx at low temperature is signi�antly larger thanthat for the Pd sample, and tended to inrease as thetemperature dereased to 2.0 K. At higher tempera-tures, the remanent magnetization for PdHx is lowerthan that for the pristine Pd(bgr). We note that the net�Mr =Mr(PdHx)�Mr(Pd) moment behavior versustemperature is similar to �M(T ) at H = 0:5 Oe, ex-ept being opposite in sign (urves 3 in Figs. 2a and 4).Both urves have a dramati in�etion near T = 30 K,in the positive diretion for �Mr(T ) and in the nega-tive one for �M(T ) at H = 0:5 Oe.Therefore, we suggest the redution in paramag-neti behavior is due to the appearane of the diamag-neti response in the ondensed hydrogen phase boundinside the disloation ores. To asertain the origins ofthe dramati derease in the paramagneti propertiesof PdHx ompared to the Pd single rystal at T < 30K,we studied the magnetization of the PdHx(fg) andPd(bg) samples as a funtion of the applied magneti�eld. These measurements were performed at onstanttemperatures T = 2, 10, 50, 100, 298 K in magneti�elds ranging from 0 to �200 Oe. The M(H) urvesat T = 2:0 K for the Pd(bgr) and PdHx(fg) samplesthat are presented in Fig. 5 have an essentially di�er-ent harater, espeially below H � 10 Oe.1) The total width of the hysteresis loop at447
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Fig. 5. a) DC magnetization versus magneti �eld �200 Oe � H � 200 Oe at T = 2:0 K: urves 1 (irles) and 2(triangles) are for Pd(bgr) and PdHx(fg), respetively. The low-�eld part (�10 Oe < H < 10 Oe) of the hysteresis loops isonly shown. The arrows show the diretion of the magneti �eld hange. b) Net DC magnetization versus magneti �eld forthe PdHx�Pd phase in �virgin�/magnetization urve (0 ! 200 Oe, squares), demagnetization urve (200 Oe ! �200 Oe,triangles), and remagnetization urve (�200 Oe! 200 Oe, irles). The lines are guides to the eyeM = 0 for the PdHx(fg) sample (�H = 7:45 Oe) ismuh higher than that of the Pd(bgr) single rystal(�H = 3:7 Oe).2) The slope of the magnetization (virgin) part ofthe hysteresis loop in the range 0 < H < 200 Oe forthe PdHx(fg) sample is lower than that for Pd(bgr).3) Only the virgin part of M(H) in the PdHx(fg)sample has a point of in�etion at H � 3:5 Oe, whosepresene annot be diserned from the pristine Pd(bgr)single rystal in the range 0�10 Oe.The last observation ould indiate a nonparamag-neti behavior of magnetization in H2-yled PdHx. Toverify this assumption, we tried to �t the experimen-tal data for the Pd(bgr) and the PdHx(fg) samplesat T = 2 K below H = 30 Oe to the paramagnetiLangevin funtionM = M0 �th� �HkBT �� kBT�H � ;where � is the e�etive magneti moment of Pd in theBohr magnetons �B . We found that none of the M -funtions �ts the magnetization of PdHx(fg) suess-fully and ould desribe the magnetization urve be-havior at H < 10 Oe (the divergene is espeially largebelow the in�etion point at H = 3:5 Oe) [18℄. In on-trast, the magnetization of the pristine Pd(bgr) rystalould be satisfatorily �tted to the Langevin funtion,assuming that the e�etive magneti moment of Pd is�B = 0:27�B [18℄.

The dramati ontrast between the pristine Pdsingle-rystal and hydrogen-yled Pd magnetizationbehavior is aused by the magnetization ontributionof the PdHx�Pd phase. The resulting net �M(H)funtion is obtained by subtrating the M(H) data forPd(bgr) from the M(H) data for PdHx(fg) and showsa minor hysteresis loop with a strong diamagneti slopethat is limited by the �eld values H = �20:0 Oe(Fig. 5b). This �minor� loop with a high negativeslope is loated on the major loop with a muh lowerslope that expands over the higher magneti �eld (byH = �200 Oe).Similar M(H) dependenes are obtained forPd(bgr), PdHx(fg), and the net PdHx�Pd phase atT = 10 K (Fig. 6). The width of the hysteresis loopfor the PdHx(fg) sample is greater than that for thePd(bgr), but the in�etion in the virgin part of theM(H) loop at H < 5:0 Oe in PdHx(fg) is less pro-nouned than at T = 2:0 K. The net �M(H) funtionat T = 10 K is quite similar to that at T = 2 K, but hasa lower diamagneti slope. At T = 50 K, the width ofthe hysteresis loop for PdHx(fg) beomes loser to thatof Pd(bgr), and the in�etion in the virgin part of thePdHx loop almost disappears (Fig. 7a). The hangesof the hystersis loop at T = 50 K are aompaniedby a dramati derease in the diamagneti slope forthe net �M(H) funtion. A minor diamagneti loopat low H almost disappears, and the slopes at �low�(H < 5:0 Oe) and �high� (10 Oe < H < 200 Oe)448
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Fig. 7. The same as in Fig. 5 at T = 50 Kmagneti �elds beome the same (Fig. 7b).The widths of DC magnetization loops (oerive�eld) versus T for both the PdHx(fg) and Pd(bgr) sam-ples are presented in Fig. 8. In the sample with the on-densed hydrogen inside the disloation ores, the totalwidth of the hysteresis loop tends to inrease with de-reasing temperature below 100 K. In ontrast, for thepristine Pd(bgr) single rystal, the loop width is dra-matially redued below 100 K. The di�ering behaviorof the oerive �eld at T < 100 K for the PdHx(fg)and Pd(bgr) samples suggests a di�erene in their mag-netization versus H and indiates the ontribution ofthe disloations to the full magneti moment of thePdHx(fg) sample assoiated with the magneti �ux pin-ning.

The results of the M(H) measurements al-lowed us to alulate the net slope suseptibilities� = d(�M)=dH for the PdHx�Pd phase versus tem-perature (Fig. 9) for two di�erent ranges of magneti�eld: 0 � H � 5:0 Oe (low magneti �eld) and5:0 Oe < H � 200 Oe (high magneti �eld). Asseen from Fig. 9, in a low magneti �eld, the slopesuseptibility � shows a strong diamagneti transitionat T < 50 K. In the high magneti �eld, the learlyexpressed dependene of �(T ) is not observed withinthe temperature interval 2�298 K. We note that the�(T ) dependenes in the low and high magneti �eldsare quite similar to eah other above T = 50 K anddemonstrate a signi�ant divergene only at T < 50 K.For omparison, urve 3 in Fig. 9 shows a net di�er-5 ÆÝÒÔ, âûï. 3 (9) 449
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ÆÝÒÔ, òîì 130, âûï. 3 (9), 2006 Magneti haraterization of a hydrogen phase : : :found that R � 60 nm orresponds to the ratio�(T = 0)=�0(bulk) = 0:91. This result suggeststhat during the hydrogen yling, the sample �dis-persed� into disrete subgrains, whose average diam-eter is found to be ds � 120 nm. In the presentase, this internal dispersity orresponds to the averagedisloation spaing in a yled single rystal given byRs �M=pNd, where Nd is the disloation density [32�34℄. The dispersion length is therefore assoiated withthe disloation density Nd � 2:5 � 1011 m�2, in goodagreement with the SANS measurements disussed inIntrodution.Hene, the weak diamagneti response from thePdHx�Pd phase in a high magneti �eld over the tem-perature range 2�298 K (Fig. 9, urve 2 ) ould be as-ribed to the internal dispersion of the Pd single rystalduring its hydrogen yling. The yling generates alarge number of disloation loops, whih results in theredution of the blok size of the original single rystal.This fat, however, annot explain the �(T ) behavior ofthe PdHx�Pd phase (Fig. 9, urve 1 ) in a low magneti�eld.Conversely, we ould suppose that the shape of thehysteresis loop for the PdHx, inluding the in�etionzone in the low �eld H (between 3 and 5 Oe) in the vir-gin part of the loop and the higher oerive �eld for thePd(bgr) sample, is an e�et of a frustrated spin-glassbehavior in the PdHx(fg) samples. This e�et wouldthen originate from the redistribution and aggregationof the rare ferromagneti impurities in the Pd lattie bythe hydrogen yling. In this ase, the ferromagnetiimpurities would be loalized in sites with a large inter-nal strain, whih are in the disloations and saturatethe PdHx�Pd phase. Aording to this assumption,the PdHx�Pd phase must demonstrate ferromagnetibehavior, obeying the Curie �Weiss law� = �0 + CT �� ;where � > 0 for ferromagnets or spin-glasses. In the in-set to Fig. 9, the Curie �Weiss dependene is presentedas a funtion 1=[�(T )� �0℄, onstruted in aordanewith the magneti suseptibility points �(T ) for thePdHx�Pd phase in a high magneti �eld (Fig. 9, urve2 ). The mean value of �0 is assumed to be roughlyequal to �(298 K) = �1:0 � 10�6 emu/g, suggesting anegative ontribution due to the Stoner's derease inparamagnetism. As an be seen, the ��1(T ) urve inthe temperature range 2 K < T < 100 K demonstratesa onsiderably negative � value (� = �26 K), indiat-ing the antiferromagneti harater of the PdHx�Pdphase at low temperature.

This fat on�rms that the Pd single rystal with aFe onentration less or equal to 10.0 ppm did not on-tain su�ient ferromagneti impurities to promote theferromagneti ordering of the disloations at low tem-peratures. Furthermore, the paramagneti redutionin the PdHx sample ompared to the original Pd in-diates a orresponding Stoner-fator redution in thePdHx system due to the internal �dispersion� of thesingle rystal that aompanied the hydrogen yling.Beause a Stoner-fator redution re�ets a dereasein the exhange interation between the eletrons inPdHx(fg) ompared to Pd(bgr) [30, 31℄, we annot ex-pet the appearane of ferromagneti behavior (ausedalso by the exhange interation enhanement) in thehydrogen-yled sample PdHx.4. DISCUSSIONS AND CONCLUSIONSWe onsider the possible physial reasons for theanomalous diamagneti response observed for the on-densed hydrogen phase inside the deep disloation oresPdHx�Pd at T < 30 K in a weak magneti �eldH < 5:0 Oe. Analysis of the data that was obtained bythe magneti measurements both before the H2-yling(Pd(bgr)) and after yling (PdHx(fg)) allowed us toexlude the trivial reasons for this e�et.1) The diamagneti response that resulted from thenet PdHx�Pd phase at low temperature annot be ex-plained by the e�et of segregation of the diamagnetiimpurities in Pd, inluding residual hydrogen in thePdHx (x � 4 � 10�4) sample, beause the resulting dia-magneti response (the low-�eld diamagneti slope atT = 2:0 K and T = 10 K (Figs. 5b and 6b)) is sev-eral orders of magnitude above the total sum of thediamagneti suseptibilities of these impurities2) The simple redution of paramagnetism in thePdHx sample ompared to the pristine Pd single rys-tal also annot explain the behavior of �(T;H) funtionfor the PdHx�Pd phase at T < 50 K and H < 5:0 Oe.The value ��st = �(Pd olloid) � �(Pd bulk) is in-dependent of temperature and magneti �eld (Fig. 9,urve 3 ) in aordane with data in Ref. [30℄.3) The low-temperature and low-�eld behavior andin�etion in the virgin part of theM(H) hysteresis loopfor PdHx at H � 5:0 Oe (at least at T = 2:0 K andT = 10 K) annot be desribed by the paramagnetiLangevin funtion, in ontrast to the pristine Pd singlerystal. Thus, the net loop of �M(H) referened tothe PdHx�Pd phase would not be only a result of thesubtration of two paramagneti funtions with lower(PdHx) and higher (Pd) moments (Figs. 5b and 6b).451 5*



A. G. Lipson, B. J. Heuser, C. H. Castano et al. ÆÝÒÔ, òîì 130, âûï. 3 (9), 20064) The full width of the hysteresis loop of M(H)or the oerive �eld value for the PdHx(fg) sample ismuh higher than that for the Pd(bgr) and shows anonlinear inrease below 100 K. In ontrast, the oer-ive �eld for the Pd(bgr) sample dereases in the sametemperature range (Fig. 8). We note that in Fig. 5a,the demagnetization (DM) and remagnetization (RM)urves for the PdHx(fg) sample are not parallel one toanother, as those urves for the Pd(bgr) sample. Thereis an anomalous diamagneti ontribution in both DMand RM urves orresponding to the low-�eld in�e-tion zone in the magnetization urve at T = 2:0 Kand T = 10 K for PdHx(fg). As a result, the DM andRM parts of the hysteresis loop near M = 0 exhibita lower paramagneti slope than that obtained for thePd(bgr), giving rise to a broadening of the hysteresisloop at lower �eld in PdHx(fg) (Figs. 5a and 6a).5) Finally, the behavior of the magnetization (vir-gin) part of the M(H) urve in PdHx annot be as-ribed to the regrouping of the ferromagneti impuri-ties in the sample due to hydrogen yling, beausethe PdHx�Pd ontribution demonstrates antiferromag-neti behavior at T � 100K, at least whereH > 5:0Oe(Fig. 9, inset). On the other hand, the e�ets of thePdHx irreversible magnetization below 100 K annot,in priniple, rule out the ourrene of a spin-glass be-havior (oexisting with antiferromagnetism), re�etingthe frustrated nature of Pd/PdHx nanopartiles as lo-alized spins [35℄.To obtain a qualitative explanation for the anoma-lous diamagneti response from the PdHx�Pd phase ina low �eld, we suggest that in the PdHx(fg) sample atlow T , a stritly diamagneti phase is present, whihis aused by hydrogen preipitated inside disloationores. This response disappears in a high magneti�eld, suh as H > 5:0 Oe, or at higher temperaturesT � 50 K. With this assumption, the full magneti sus-eptibilities of the same Pd sample before (�bgr) andafter (�fg) the H2-yling would be written as�bgr = �Pd(T ) + �i(T;H);�fg = �Pd(T ) + �0i(T;H)+(��St) ++ [��dH(T;H)℄ ; (2)where �Pd is the temperature-dependent lattie susep-tibility of the Pd atoms, �i and �0i are, in general, thesum of the temperature- and �eld-dependent susepti-bilities indued by para- and ferromagneti impuritiesand their interation with Pd before and after yling,respetively, and (��St) is the Stoner-like redutionof Pd-lattie paramagnetism as a result of H2-yling.

This yling generates mehanial stress ausing �inter-nal dispersion� of the original Pd single rystal; (��dH)is the suggested diamagneti ontribution due to thepresene of the hydrogen (H) phase aptured inside thedeep disloation ores (d). In a high magneti �eld(H > 5:0 Oe), this diamagneti ontribution disap-pears, and the result of the subtration of �bgr from�fg an be written as��fg�bgr = �[PdHx�Pd℄ = ��St +��i; (3)where ��i is the weak low-temperature ontributionto suseptibility aused by impurities regrouping in thehydrogen-yled sample. Equation (3) provides a weakalmost temperature- and �eld-independent diamag-neti response. At a low magneti �eld (H < 5:0 Oe)and temperature T < 30 K, the result of the �fg��bgrsubtration (Eq. (2)) an be represented as��fg�bgr = �[PdHx�Pd℄ == ��dH(T;H)� �St +��i: (4)At T > 30 K, the term [��dH(T;H)℄ disappears andEqs. (2) and (3) beome equivalent. Curves 1 and 2 in(Fig. 9) illustrate this e�et in low and high magneti�elds at T > 50 K. As an be seen, the behavior andabsolute values of �(T ) in both the low (urve 1 ) andthe high (urve 2 ) magneti �elds look similar above50 K, and the dramati di�erene between these twourves begins to appear only at T < 50 K.The results expeted from Eqs. (3) and (4) are alsoobtained for both the net DC-magnetization �M(T )and the real suseptibility ��0(T ) in a low mag-neti �eld. (Fig. 2a, urve 3 and Fig. 3). DuringM(T ) ZFC magnetization, measurement at a low �eld(H = 0:5 Oe), a weak negative value of �Mfg�bgrat T > 50 K is followed by a dramati drop of�M in the range 2�50 K. For the AC measurementat H = 0, the real part of the suseptibility diffe-rene ��0fg�bgr shows a similar behavior to that ofthe DC M(T ) experiment at H = 0:5 Oe (Fig. 3).In ontrast, a slightly negative, mostly temperature-independent value of �Mfg�bgr over the whole tem-perature range 2�298 K is observed in FC measurementat H = 1000 Oe (Fig. 2b). Thus, the e�et of a dras-ti �Mfg�bgr redution over the temperature range 2�30 K does not emerge in high magneti �elds.The M(H) and M(T ) data for PdHx(fg), Pd(bgr),and for the net ontribution of the PdHx�Pd phaseallow us to suggest that the anomalous diamagnetiresponse at temperatures below 30 K in the low mag-neti �eld was indued by the appearane of super-ondutivity in the Pd hydride phase inside the deep452



ÆÝÒÔ, òîì 130, âûï. 3 (9), 2006 Magneti haraterization of a hydrogen phase : : :disloation ores. This suggestion would satisfatorilyexplain the temperature and �eld dependenes of thePdHx�Pd net magnetization urves (Figs. 2�7). Wenote that the net hysteresis loops at T = 2:0 K andT = 10 K are similar to the M(H) harateristis of anonlinear, irreversible magnetization funtion of a typeII superondutor (Figs. 5b and 7b).Assuming that the negative value of the initial mag-netization taken for the PdHx�Pd phase at T = 2:0 Kand T = 10K (Figs. 5b and 7b) is evidene of the Meiss-ner e�et [36℄, the loal minimum would orrespond toa lower ritial �eld H1 = 3:5 � 0:5 Oe of a type IIsuperondutor. The trae of the loal minimum �eldasribed to the net PdHx�Pd phase at T = 2:0 K andT = 10 K also appears as a point of in�etion on thevirgin (magnetization) part of the M(H) funtion forthe PdHx(fg) sample (Figs. 5a and 7a, urves 2 ). Wenote that the assumption regarding the type II super-ondutivity in the PdHx�Pd phase does not ontraditthe net low �eld DC �M(T ) and AC ��0(T ) resultsat T < 30 K (Figs. 2a and 3).Further indiret evidene of superondutivity be-low 30 K may be found in the net �Mr(T ) remanentmagnetization behavior (see inset in Fig. 4). At tem-peratures greater than 30 K, the �Mr(T ) urve has aslightly negative value lose to that of �M(T ) aboveT = 30 K (Fig. 2a, urve 3 ). This negative value ofthe net remanent magnetization shows that Stoner'sontribution at T > 30 K plays a major role in theM(T ) behavior of the PdHx�Pd phase even at a verylow �eld. But below 30 K, the net remanent magneti-zation emerges. The magnitude of �Mr(T ) is found tobe proportional to the magnitude of the diamagnetiresponse of the PdHx�Pd phase at low �eld (Fig. 9,urve 1 ). Suh behavior is also expeted for a type IIsuperondutor, as seen in the uprates [37℄.The absene of a diret evidene for the diamag-neti e�ets that haraterizes type II superondutorsin the PdHx(fg) sample (e.g., without subtration ofthe Pd matrix signal) ould possibly be referened to avery small ontribution of diamagneti response fromthe hydride phase inside deep disloation ores to theentire PdHx paramagnetism. Similar magneti behav-ior of a tiny superonduting fration of � � 5 �10�4 atT = 1:9 K (T � 3:6 K) of the Pd nanopartiles sand-wihed between graphene sheets (Pd�MG) was reentlydemonstrated by Suzuki et al. [36℄.Indeed, aording to our TDA data, the total num-ber of hydrogen atoms involved in hydride formationinside deep disloation ores should orrespond to thevalue x = H/Pd � 0:04%. Assuming that losed dis-loation loops are required to observe the diamagneti

signal, the atual fration of the �ux expulsion relativeto the omplete diamagnetism must be even less thanontributed by the hydrogen ontent. In this ase, onlythe subtration of the initial massive Pd matrix fromPdHx magnetization would allow displaying the super-onduting e�ets in the PdHx�Pd phase of interest.The other obstale that ould over a diret diamag-neti response in PdHx pertains to the paramagnetiMeissner e�et and may appear due to the submironsize grain struture (onsisting of disloation subgrains)of the PdHx rystal after the hydrogen yling. Suhinhomogenities an be aused by magneti �ux ap-ture on the grain boundaries resulting in a paramag-neti response below T at low-�eld FC [38; 39℄ andeven ZFC [40℄ measurements.Assuming that the weak superondutivity atuallyexists in the PdHx sample, the penetration depth wouldbe de�ned as� =p�0=2�H1 = 9:7 � 10�5 m;where �0 = 2:078 � 10�7 G � m is the �uxoid andH1 = 3:5 Oe is the lower ritial �eld, taken fromFig. 5b. If the superonduting phase PdHx�Pd ison�ned into disloation subgrains with the radiusRs = 60 nm, then Rs � �, and we deal with thezero-dimension limit of superondutivity [41℄. The�utuation of the diamagnetism above T an than bedesribed by the expression� �emug � = � 140� R2s�2 (t� 1)�1 == �2:41 � 10�6(t� 1)�1; (5)where t = T=T. Well below T, where �utuation ef-fets are swamped by the mean-�eld superondutivity,the magneti suseptibility should rise as 1� t [41; 42℄.These two onditions of the suseptibility behaviorabove and below T allow us to estimate the transitiontemperature T in the PdHx�Pd zero-dimension sys-tem by �tting the �M(T ) experimental data (Fig. 2a,urve 3 ) with Eq. (5). As seen from Fig. 11, the bestfull �t of �M(T ) above and below T an be obtainedon the assumption T = 18:0�1:5K. At the same time,the lower T �ts, inluding T = 10 K, annot satisfa-torily desribe the �M(T ) experimental dependene.We note that T = 18 K, whih re�ets a best �t of thenet DC moment versus T , is in good agreement withthe temperature where the net AC ��0(T ) dependenebegins dropping dramatially (Fig. 3).Finally, we note that estimated T for the PdHx�Pdphase, making up the ontribution of ondensed hydro-gen preipitated inside deep disloation ores in a Pd453
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0M; 10�5 emu/g3 2121Fig. 11. Fits of the net �M(T ) data (urve 1 ) takenfrom Fig. 2a, urve 3 with the diamagneti susepti-bility funtion (Eq. (5)) above (� / (t � 1)�1) andbelow (� / 1 � t) the ritial temperature, assumingT = 18 K (urve 2 ) and T = 10 K (urve 3 )single rystal, is found to be signi�antly higher thanthat measured and alulated for the bulk PdHx hy-drides with x � 1:0 [15; 18; 19; 43; 44℄. Earlier, it wasshown that the ritial temperature of the superon-duting transition in PdHx is strongly a�eted by theloading ratio x in the range 0:81 < x � 1:0. Thisobservation allows us to estimate roughly the e�etivevalue xeff = H/Pd inside deep disloation ores in a Pdsingle rystal, assuming T = 18 K. Indeed, aordingto the MMillan equation [45℄, the expression for T inPdHx-type hydrides at x > 0:8 an be written asT = h~!i1:2kB exp �� 1:04(1 + �ep)�ep � ��(1 + 0:62�ep)� ; (6)where h~!i is the harateristi average of the phononenergies in the PdHx phase, inluding Pd and hy-drogen subsystems, �ep is the eletron�phonon ou-pling onstant, �ep = �ep(Pd) + �ep(H), and �� isthe Coulomb pseudopotential that aounts for repul-sive e�ets between eletrons. Equation (6) satisfa-torily desribes T in PdHx at x = 1:0, h~!i = 30�45 meV, �ep = 0:54�0.56, and �� � 0:085�0.10, re-sulting in T = 8:0�9.5 K [43℄. Substituting well-established parameters h~!i = 45 meV and �� � 0:10from Refs. [44; 46℄ in Eq. (6) versus T = 18:0 K,we obtain �ep = 0:704. In the ase of bulk PdH1with �ep = 0:56 and �ep(Pd) = 0:143 [44℄, we have�ep(H) = 0:417. Similarly, for the PdHx�Pd phase,we have �ep(H) = 0:561 [18℄. Assuming proportional-

ity between the hydrogen onentration x = H/Pd andthe magnitude of �ep(H) in highly loaded Pd hydrides(x > 0:8), we thus obtain the e�etive loading ratioinside the deep disloation ore:xeff = 1:0 � (0:561=0:417) = 1:35:The same magnitude of x = H/Pd ould be ob-tained from a separate onsideration, based on a sim-ple equation relating the hydrogen onentration insidedisloations (NH) to the radius of a segregated hydrideylinder (RH) inside a disloation ore (Eq. (17) inRef. [8℄). Here, we neglet free hydrogen distributedfar away from disloation ores beause there is no hy-drogen outside deep disloation ores after annealing atT = 570 K. In suh a ase, NH = �xeffNdR2H [18℄. Us-ing the derived residual onentration NH = 4:5 � 10�4and estimated RH = 2:75Å, we an obtain xeff = 1:35,if the e�etive density of disloations �lled with hydro-gen is hosen as Nd = 1:4 � 1011 m�2, orrespondingto about 60% of the total estimated number of disloa-tions after the hydrogen yling (Nd � 2:5 �1011 m�2).In onlusion, the anomalous diamagneti responsefrom the PdHx�Pd nanophase observed in this workat temperatures below 30 K in a low magneti �eld(0 < H < 5:0Oe) may indiate the emergene of a weaksuperondutivity in the Pd matrix. This diamagnetie�et is aused by loading the disloation ores witha ompressed Pd-hydride nanophase. This phase alsorepresents a metastable hydrogen dominant metalli al-loy, where both hydrogen and palladium may partii-pate in ommon overlapping bands due to the large hy-drogen binding energy ("H � 1:6 eV/atom) inside thedeep disloation ores of a small radius (RH � 2:75Å).The unique properties of a ompressed Pd hydride in-side deep disloation ores make this ompound a fea-sible andidate for the searh of HTS in hydrogen dom-inant metalli alloys [3℄.The feasibility of a diret observation of diamag-neti e�ets in a H2-yled PdHx system ould bereferened to reduing the volume of the paramagnetiPd relative to that of the disloation ores �lled witha ondensed hydrogen phase.This work was partially supported by the NSFunder Grant DMR-9982520. The magneti mea-surements were performed at the Center for Miro-analysis of Materials at the Frederik Seitz MaterialResearh Laboratory at UIUC. This faility is sup-ported by the U.S. Department of Energy under GrantDEFG02-91-ER45439. The authors thank T. Banks forhis help in the arrangement of the magneti measure-454
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